ケイ酸塩系補修材を用いたセメント硬化体の物性変化に関する研究 by 金 志訓 & KIM JIHOON
 博⼠論⽂ 
 
 
 
ケイ酸塩系補修材を⽤いたセメント硬化体の
物性変化に関する研究 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
⾦ 志 訓 
 

 mM_xÂhÊO<TYyr
b¬C¾¤ÁbBl:g}q
A Study of the Property Changes of Cement Paste with  
Silicate-based Surface Penetrants 
t  u 
Jihoon, KIM 
Ç 
­   Î                                                                                       
  }qC¹w                                                                                     
  }qCÇ´                                                                                     	
  ÎÀC¥                                                                                     
 	 À|                                                                                        

­   o`}q±                                                                         
  mM_x»Æm B=O>                                                   
    fË                                                                                    
    mM_x»Æm CÂÌ4ebÍ                     
    ¤¸¼c                                                                             

  -C%.D 7%C%-! 1M HF/% !                                                        
    fË                                                                                    
    -71 CnÅ´A©                                                        
    -71 ?C C °k                                                             
   	 -71 C¯b                                                                  
  4.C!H 3#(!-% 6!IF((!                                                     
    fË                                                                                    
     TYyr?C 436                                                             
 	À|                                                                                       
 
­   mM_x»Æm BegTYyrb¬Cbj´ÁbB
l:g{µ                                                                                         	

  a9dB                                                                                      	
 Ë                                                                                      	
    ¬C¦                                                                      	
    ÂºCz                                                                   	
    «²ÃÄ                                                                             	
  ~yd                                                                                      

    G1 CÁb                                                                           

    80.8                                                                             

    96.                                                                                    
	
   	 436                                                                                   

   
 /826                                                                                  
    6D( 7G!-HFIFGM                                                          
 	                                                                                              
  	  -71 ?C C7%                                                                
  	  7% 436 RfC 3!( A%( C!(#-A                                 	
  	  7% 436 RfC 4F(! H% #%(# 5/M#!(                           

 
 c@d                                                                                          
  À|                                                                                      
 
­ 	  mM_x»Æm @CºaS¯bBÈ3g^sC{µ     

	  a9dB                                                                                      
	 Ë                                                                                      
  	   ¬                                                                                 
 	   ª¡¯bCz                                                               
 	   «²ÃÄ                                                                             
	  ~yd                                                                                      
 	   G1 CÁb                                                                           
 	   96.                                                                                    
 	   436                                                                                   

 	  	 /826                                                                                

 	  
 6D( 7G!-HFIFGM                                                        
	 	                                                                                            
 	 	  -DF %"%!  7%5 ?C C7% 4eb 4C                       
 	 	  7% 436 RfC 4F(! H% #%(# F/M#!(                          
	 
 c@d                                                                                        	
	  À|                                                                                    
 
­ 
  ¥¢Ï¾hÊO<ÂYNspu4eb¯br¶C{µ   

  a9dB                                                                                    


  ~fË                                                                                    

 
   ¢Ï¾C¥                                                                    

 
   ~¬@ºaz                                                             
 
   ª¡¯bCz                                                             
 
  	 «²ÃÄ                                                                           

  ~yd                                                                                    
 
   g¢Ï¾@mM_x»Æm @CºaB=O>         
 
   ºaTX<g¢Ï¾Cª¡¯b                                     	

 	                                                                                            
  
 	  7% 436 RfC 3!( A%( C!(#-A                               
 
 	  C 436 4eb 7% 436 RfC -DF %"%!  7%5 ?C C7% 
 
 	  7% 436 RfC 4F(! H% #%(# F/M#!(                          


 
 c@d                                                                                        

  À|                                                                                    

­   mM_x»Æm h8<nylZNr©¾C»Æ
½Bl:g                                                                                
  a9dB                                                                                    
  oytxC¿§                                                           
    ~fË                                                                           
    ~yd                                                                           	
    c@d                                                                               
  ixNZ¥¿C]¶4ebÉB=O>                                   
    ~fË                                                                           
    ~yd                                                                           
    c@d                                                                               
 	 ¢phv£Beg¾]¶³¤Ci·                            
  	  ~fË                                                                           
  	  ~yd                                                                           

  	  c@d                                                                               
 
 c@d4eb                                                                      
  À|                                                                                    

­   yÎ                                                                                    
  gCyÎ                                                                                  
  }qC¨Î4ebCe®                                                     
ņÊ$i$ĴÐ



ņÊťĊ:6ŔĜĳeÜ4ć?FK@Ďv_$
     ý²v#ŝ1čĒ

   ê  Ř °ļ

 ÛčĒ%§ęĆä$ĄŇĬ4ô/+#æŐý4ś×v1İţĳeÜ
#ČĊ1;K9GL@æŐý$İţĨT²4N21 %ś×v4+
$ŕĴ"ĴĞ$M0ĨT²N $ŀbÍï#čĒ21
$	;K9GL@§ęý$İţñÜ :6ŔĜĳeÜ%X$ĳeÜ#
Î¡Ěxĸ$v, "Ċķ#.1ûã}Ī1ĕ$f2û
Ø[/$ŔĜİţñ¡ï$ľĺÎ¡¿ř(â)2012"!$Ķök1
Ûĉ"ĳeyă%;K9GL@R$ìŔv8H=7E ñÜ{±8H=7E
=G:L@ìý#Ōýňą¶2İţ4ĥv1yă svą;K
9GL@æŐý$V¬Ģ¾Ęă.&Ì§ęý$UŞĢ¾Ęă4Ċĉ `32
1ş#ŉ/21ĳeF8B>E#ŝ1ŗĉ"ãĻ% " 
 *:6ŔĜİţñÜ$úŔvÀu#1²Īŀb$ġßĳeċ¬#
%tß1ś×ŜÔšaŁ_%m×$ũĳetßĮ2*úŔvò
#1f]²ĵ" 21*výñŎ»º²-
úŔv#.1ŚĖ$īŧ#,X$ñÜ-ĳe".0,³"1ġß4
20ĳe2İţ$¬$svÀu#Q
1ªŤ#ģ"ãĻ
¯Ĵ1 ħ
/21$.	"²Īŀb#ŝ1ťû  ,#;K9GL@$
SÜË1?FK@$čĒlŖ?FK@$ì{±.&ìą¶ý$©¶v
F8B>E%Õ,ŕĴ"ÙĹíť$M1:6ŔĜİţñÜ%œ/$
svĴĞ4ýăĉ#¸o1Íï%";K9GL@$,$$ìý ñÜ $
v{±/İţ4ĥvsvĴĞ$ñŎ4¸o1Íï1 /~ìý
$v4vĉ#·Äĳe¬$svÀu.&jĳe"!4Uõ1 Ţ£#ŕ
Ĵ ħ
/21 
ÛčĒ%:6ŔĜİţñÜ#.1ìý$vvĉ"ĨT²#Q

1ªŤ.&ìý$D9J"æŐğ¶v4·Ä1 #ČĊ1:6ŔĜİţ
ñÜ4ć$ìý$v.&svÀu4®ķĉ#ãĻ1+:6ŔĜ
İţñÜ :6ŔA@G7E4ć?FK@Ďv_ ${±Ũ4į{±#
.1ìý$v4ĸõĸõ/­/2ìý$vş#sv#z)ªŤ4
ãĻ1+úŔvdőıĦ4ćúŔv2ŁŨ_/úŔvÀu4ĸõ1
*ãĻġß$jĂ.&:6ŔĜİţñÜ~ìý#ċÂĉ#z)ªŤ
4ãĻ1+ÛčĒ%~ìý$¶/+¶ìý4ćìý'$ċ
Âĉ"ªŤ.&ş$?FK@#ŌĄ*{±Ũ4įìý$v.&ú
ŔvÀu4ĸõ1Ũ­/2ġß%ş#:6ŔĜİţñÜŒć2
Ă/Á|ŁŨ_$®ķĉ"ĸõ/$éŋ4ŏñÜ${±F8B>E
.&úŔvF8B>E4Ãâ1 4Ċĉ 1 
 
ÛņÊ%h 7ēæ¶2~ē$åĴz&S"i4OĽ$.	#* +1 
 
Ĕ 1ē%ÛčĒ$ĩÒĊĉ.&ņÊ$æ¶4Éă1 
 
Ĕ 2 ē%Ï«čĒ#ŝ1ÊĀŅà4į	:6ŔĜİţñÜ$ŒćĂî.
&ĨT²#ŝ1Ï«ÊĀ$Ņà/:6ŔĜñÜ$ĳetß4Éă1*
ĳe#`321órÜ$đŦ.&órĊĉ#Éă1ĳe2İţ%5H8
G¶l$¹g#.0C-S-H .&ìý$æŐ-vĉvUµ21*:6
Ŕ#.Ì#ą¶21ìý, C-S-H #Ōþ²4Ă /~ìý$æ
Ő©¶.&vF8B>E#łŅ(1¯Ĵ1 ħ
/21
ìý$ą¶.&sv#.1v#1Ō¤$čĒu#Ņà4į	*
ÛčĒ` NMR%ÜË$æŐ ŗPĝý$"!#1´4­/21¨
q"õÍï vlÞlŖ¥`321/#_ NMR%ġÓ"
ŢġÓýň,ċÂĉ#õ1"þś ¶1?FK@Ĝýň% 29Si 27Al
"!4á#1_ NMR.`321 NMR$õyă.&?FK@
Ĝ#ðć21 NMRõ#ÊĀŅà4į	 
 
Ĕ 3 ē%:6ŔĜİţñÜ$¢#.İţĈą1vĉ"v4èÅ
1+#:6ŔĜİţñÜ :6ŔA@G7E4ć?FK@Ďv_ $
{±Ũ4į	{±ěÚ<KCH4ć{±#.1 pH $v/TG-DTA
4ðć Ca(OH)2$ô ďŃ.& XRD 4ćġÓň$v4ĸ1*
_ 29Si27Al NMR4ć C-S-H.& AluminateĜìý$v4ĸ1/#
:6ŔĜİţñÜ#ñøCIL@<KCH$ FT-IR .& Raman 
Spectroscopy $lÞ/:6ŔĜİţñÜ4¢İţ$v4ĸ1­/
2ġß#.0:6ŔĜİţñÜ$ĳe{±#.1v.&{±F8B>E4ãĻ
1 
 
Ĕ 4 ē%Ĕ 3 ē/­/2ġß#:6ŔĜİţñÜ ${±#.
Æň2?FK@Ďv_$úŔvþ²4·Ä1+#dőúŔvŨ4į:
6ŔİţñÜúŔv#Q
1ªŤ#ãĻ1:6ŔĜİţñÜ%UŞ
Ģ¾Ęă$+#ÌęæŐý§ęý#,ðć21#sv2İţ$V¬Ģ¾
Ęă#,ðć21 /úŔv2İţ$Œć*ĸ1+#dőú
Ŕv1wŜ4:6ŔĜİţñÜ ${±p¬#wnŨ4į	~ěÚ<K
CH$úŔv#.1 pH$v/XRD4ðć CaCO3$ą¶4ĸNMR4ŏ
 C-S-H.& AluminateĜìý$úŔv#.1v4ĸ1*úŔv
CIL@<KCH4ć FT-IR .& Raman lÞ/úŔv#.1İţ$v4ĸ
1­/2ġß#.0Æň2İţ$úŔv¸o#³ªŤ4Q
1}Ī²
1Ĵ#ãĻ4į	 
 
Ĕ 5 ē%?FK@Ďv_4ðćĔ 3 ē.&Ĕ 4 ē­/2ġß$ãĿ.
&ìý$ğ¶#.1ªŤ4ď+1+#¶ìý4ć{±.&dőúŔv
Ũ4įĳeF8B>E.&úŔv#ŝ1ãĻ4į	C-S-H .& Aluminate
Ĝìý$¶/kĈ~¶ìý :6ŔĜİţñÜ$xÿ{±.&?F
K@$Ą \1ÝZ*ğ¶4
{±#.1v.&:6ŔĜİţñÜ
$Öü#.1úŔvÀu"!4·ÄĔ 3ē.&Ĕ 4ē$ġß4ĲY1 
 
Ĕ 6 ē%Ĕ 3 ē/Ĕ 5 ē­/2ġß#ÛčĒ`:6Ŕİ
ţñÜ$5H8G¶l1 Na $úŔv#.1v.&œìl#.1÷k}Ī²
#ãĻ*CIL@<KCH4ćúŔv#.1ĨT²^O#ãĻ
1:6ŔİţñÜ$ŒćĂ/Á|ŁŨ_$ XRDEPMAõ/¢İ
ţ/$ŊŠ#.1ĸ4į	Na¶l$œìl#.1÷k.&úŔv#.1÷k4
ďŃ1+# Na÷kŨ4įúŔv#.1÷k Naù¦.& 23Na 3QMAS NMR
4ć Na$v4ĸ1Õ¬#ĨT²$²Īŀb$¿ç ~đ$İţñÜ
4¢CIL@<KCH$ìāĠÑv.&ìĭë¼ÇcÈ4ėk1 /
ýňĐu»º²4·Ä1 
 
Ĕ 7ē%* + ÛčĒ$¶ß.&W¬$ńť#Ĥ½ō(1 

  
 
 
 1
 
	 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.1  
1.2  
1.3  
1.4  
ő 1 ę Ėǖ 
 
 2 
  
ő 1 ę Ėǖ 
 3 
1.1   
 Ř«zŗ|&$ŏƢ;:ĭ*±ƷŒ8îµ%*AUbD	ƈď*
Ëėª38;$:1ÄŚîµ+ĩ*ū(ĳ*3*čǄ(4**r"
%:*7(±ƚ)Ő(t´=ƾ$Ês%4:ū(ĳ&
&4)±ƚ*Ť{4āÌ:&+ÄŚèǍƞƹ=Ç¬$:ƪ8*Ç¬
ă *ƺ&ôƫÇ¬+ÄŚîµ%*±ƚ=Ë83)ØńƝ=ş
 Ĉư|:
Ɣƴƣċè)śƶ$:HfEa	QØńƝ*ƔƴŎ¦į=
ÔĜ;:&+ş Ĉư|=3*čǄ(Ǆľ*r"%9Ŏ¦įÔĜ&*
ƕ~ƥƦ)"$ŋÇ¬;$:* HfEa	QÄŚƝ*Ɣƴĥ
è&$G?ðv½ƣċè+Ŋ*ƣċè)ō$öÕŕ%*ơ|4ė(
ƶ÷)7:ŮÅƆ%:Ŵ*ƻ;ŮŋűƵ8*
ðv½Ɣ
ƴĥ  ÕƦ*ĸ¿öÕõĨ(i)20122('*¢ēď$:ƫŪ(ƣċÊ
Ǉ+HfEa	QŜ*īð|BbJ@\&ĥèƌx$BbJ@\JaG	
QīǗƝ)·ƝĀĳİ;Ɣƴ=ǙƮ|:ÊǇ&$ǒ|ĳHfE
a	QØńƝ*ùÑpûǇ7-ĤÄŚƝ*ƽƩpûǇ=ƶŪ&$ñ<
;$:āæ)¤8;:ƣċ]BTL\):ťǎŪ(ÅŶ+ė(
  
 1G?ðv½Ɣƴĥè*Ŗð|­Ÿ)ō$¨Ų8+33Ćǐ*G?ð
v½ĥè=ǃ$¯øŌ=éİ}4ƣċ=ö$(¯øŌ&*Ŗð|ħ
Û)ō:ƧǔāÉ=Û!įƆƕ~*ÂƣċŠÑ)$+Ó:
13 Ƅy)Ƨǔ¯øŌ+ĕ *ÜƣċÓƊ;$1Ŗð|Ħ
)ō:ƻkįÈ(!&=ƤÞ$:1Jian-Guo Dai 8+
4v|ƝĥŷŦ×į5Ŗð|)7:Ŭ¶*ƙĢ)ō$4Ŋ*ĥè5ƣċ$
(ĝÝ794g(:Â=ƤÞ$9ƣċ;Ɣƴ*Ñ*ǒ|­Ÿ
)ƾ:t´)"$ƳƮ(ÅŶƒǄ%:&Ú8;:  
 *7(įƆƕ~):ƷŒŮ&&4)HfEa	Q*ĄèǍ%:M]
fQ*Ç¬ƞƹ%M]fQ*īǗƌx7-īǗĳİƝ*»İơ|]BTL\
+ä4čǄ(ƭÁƷŒ*r"%: 5, 6HfEa	Q+ƛ8*±ĠÃ
)7!$ƿm)ơ»=ć:ƝĀ%G?ðv½Ɣƴĥè+ƛ8*ǒ|Ǆľ
=ƝǇŪ)ǅĮ:ƥƦ%+(HfEa	Q*4**īǗƝ&ĥè&*|
ő 1 ę Ėǖ 
 
 4 
ƌx8Ɣƴ=ǙƮ|ǒ|Ǆľ*ĥŷ=ǅĮ:ƥƦ%:&8ī
ǗƝ*ơ|=|Ū)ƇhƣċÑ*ǒ|­Ÿ7-ãƣċ('=ƽņ:&
ƐĞ)čǄ&Ú8;:  
 
1.2   
 HfEa	Q*īǗƌx+ƝĀ*Ɯë(ŁÐéǃ)7!$ƋÌ;ƌxò
1:&8èǑ)7!$ĹƯħÛ$6 7HfEa	QƔƴ)»İ
;īǗƝĀ*©À(ơ|+ƛǒ|Ǆľ8*|Ū(Ŏ¦į%+(Ċ
Ďƨŝ)7:,-;('*ƷŒ=¤8;:Ɔį4:G?ðv½Ɣƴ
ĥè*ƫŪ(ƣċÊǇ+HfEa	Q*īǗƝ* rƎčǄ(īǗƝ%:B
bJ@\JaG	QīǗƝ=ĳİ:&)#$9;+Ɣƴ)4&4&
ňç$BbJ@\JaG	QīǗƝ)4t´=ƾ:Ɔįƽŀ;:
*7(&8G?ðv½Ɣƴĥè)7:ƌx8Ƌĳ:īǗƝ*ơ|
=Ĳ)ƇhÌě)ō:ŁÐéǃ=Úǌƽņ7-ƕ~ƒǄ%:  
 %ƫÇ¬%+G?ðv½Ɣƴĥè)7:īǗƝ*ơ||Ū(Ŏ¦į
)ƾ:t´7-īǗƝ*[Ed(ØńĿİơ|=Ƈh:&)śƶ:
G?ðv½Ɣƴĥè=ǃĝÝ*īǗƝ*ơ|7-ǒ|­Ÿ=Ƒ÷Ū)ÅŶ
:3G?ðv½Ɣƴĥè&$G?ðSQa@\=ǃ$M]fQÙ|Ō
&*ƌxāÉ=Ûƌx)7:īǗƝ*ơ|=ņņ8Ż8;īǗƝ
*ơ|āæ)ǒ|)§0t´=ÅŶ:3Ŗð|ŅħŃř=ǃ$Ŗð|
;øÉŌ8Ŗð|­Ÿ=ņ:1ÅŶÂ*ãÌ7-G?ð
v½ƔƴĥèīǗƝ)ŠĶŪ)§0t´=ÅŶ:3ƫÇ¬%+ī
ǗƝ*Ýİ8ò3ÝİīǗƝ=ǃīǗƝ.*ŠĶŪ(t´7-āæ*M
]fQ)·±1%ƌxāÉ=ÛīǗƝ*ơ|7-Ŗð|­Ÿ=ņ:
ƫÇ¬%+Ŗð|āÉ)ō$āÉÿ%*ŅħŖð|āÉ=Û|Ū(]BT
L\=Úê:Ż8;Â+āæ)G?ðv½Ɣƴĥèūǃ;Ìĝ
8åąøÉŌ*Ƒ÷Ū(ņ8*Ə=š$ĥè*ĽŪ(ƌx]B
TL\7-Ŗð|]BTL\=ŧi:&=ƶŪ&:%āÉÿ%*
ŅħŖð|+āÌě*Ŗð|&+ƌxŇŰ5ƌx¾Ǔn(:Ɔįõũ;:
31%ŅħŖð|)$ĳ:Ìě%:&Íť$Úê  
ő 1 ę Ėǖ 
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  (2)*7(M]fQHfEa	Q½*Ƒ÷Ū(ƞĴ*3)+Ìç
ǀ(ņťƥƦñ<;$:rƍŪ)M]fQīǗƝ*ÂĘƞĴ*3) XĻ
ķƞĴ(X-ray diffractionj{  XRD)7ñ<;$9j)4ŋ*ƞĴ
ƥƦñ<;$:ƫÇ¬%+XRD =ǃM]fQY	KQƟƬIfXb
*ņť8G?ðv½ĥè&*ƌx)7:ÂĘįīǗƝ*ơ|=ņ1
þáƃƃčǎņť(Thermogravimetry-Differential Thermal Analysisj{  TG-DT
A)=ǃņť8G?ðv½ĥè&*ƌx)7:īð|BbJ@\*ơ|
7-ƌx)7:ÂÝī*ơ|=ņ:1V	aAơºĵƞÒ(Fourier-t
ransform infrared spectroscopyj{  FT-IR)7-`ZfƞÒƦ(Raman spectroscop
yj{  Raman)+ůƘ;:Ɣƴƛ%*ƝĀ*ĳİ7-ơ|=Ƃ:3
)G?ðv½ĥè)ĥţXc	QIfXb=ǃ$ņť=ÛäÑ)
ƫÇ¬%ñ!ĄǄ(ņťƥƦ%:ÜƞƆý¡°Ʋ(Nuclear Magnetic Reson
ancej{  NMR)+|ƞĴƞƹ%|ÝƝ*ƌxŨ*ƂØńÁť&ťǎ('
)ō$lǏŪ(ņťƥƦ%98)ÏŌ NMR %+ÂĘ%(ƐÂĘ
ƝĀ4ŠĶŪ)ņť%:& NMR ņť*żş&(!$:&8M]f
QƝĀ*čǄ(ƐĘĀīǗƝ%:BbJ@\JaG	QīǗƝ*ơ|=ņ:
3)ǃ: 8(8*7(²Ǐ(;;*ƞĴ¥Đ4]aN
Q&P]aNQňçŕŽ*ņť8M]fQHfEa	Q½*Ʊ(ƞĴ
 
Fig1.1 Research flow 
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+àſ%:%ƫÇ¬%+XRD =ǃÂĘƞĴ8ƟƬIfXb*  
r"*ƞĴƥƦ)ČŜ:&%+(ņťƥƦ*]aNQ&P]aNQ=Ŀ
2Ý<$ƞĴÂ=źď&=ƶŪ):  
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 ƫǖƠ+ļ 7 ę%Øİ;ę*Ǆ§-Ą(žƿ={£*7)1&3:  
ő 1 ę%+ƫÇ¬*Ɖ¼ƶŪ7-ǖƠ*Øİ=ıǇ:  
ő 2 ę%+wÇ¬):ƠÆŞâ=ÛG?ðv½Ɣƴĥè*ūǃÌ
³7-Ŏ¦į):wƠÆ*Şâ8G?ðv½ĥè*ƣċÓ=ıǇ
:1ƣċ)ñ<;:ŭè*Ćǐ7-ŭƶŪ)"$ıǇ:ƣċ
;Ɣƴ+>bBaİƞ*ųƁ)79C-S-H 7-īǗƝ*Øń5|Ūơ|
ƽŀ;:1G?ðv)7!$Ĥ)ĳİ;:īǗƝ4 C-S-H )·ż
į=Ì&8īǗƝ*Øń»İ7-ơ|]BTL\)"$ĚŞ
/:ƒǄ:&Ú8;:%īǗƝ*ĳİ7-ǒ|)7:ơ|)ō
:·Ƅ*Ç¬ŸÔ)"$Şâ=Û1ƫÇ¬%ñ! NMR +èǍ*Ø
ń&ťǎƖĔƝ*Źť(')ō:ğƤ=Ż8;:²Ǐ(ņťƥƦ&$|ƞ
Ĵƞƹ%Öñ<;$:8)ÏŌ NMR +ÂĘ%(ƐÂĘƝĀ4ŠĶ
Ū)ņť%:Ő(żş&İ!$:M]fQ½ƝĀ%+ 29Si  27Al ('=
ó):ÏŌ NMR 7ñ<;$:% NMR *ņťÊǇ7-M]f
Q½)ǃ;$: NMR ņť)ō$ƠÆŞâ=Û  
ő 3 ę%+G?ðv½Ɣƴĥè=ǃƣċƌx)7:M]fQÙ|Ō*|
Ūơ|):ÅŶ=ÛG?ðv½Ɣƴĥè&$G?ðSQa@\=ǃ
$M]fQY	KQ&*ƌxāÉ=ÛTG-DTAXRDNMR ņť)79
īǗƝ*|Ūơ|=ņ:ƟƬ*IfXbj)Xc	QIfXb=ǃ
G?ðv½Ɣƴĥè*ĥţāÉ=ÛFT-IR 7- Raman spectroscopy *ņť
)79ƣċ;Ɣƴ*|Ū(ơ|=ņŻ8;Â)79G?ðv½Ɣ
ƴĥè*ƣċƌx)7:ơ|7-ƌx]BTL\=ÅŶ:  
ő 4 ę%+G?ðv½ƔƴĥèŖð|)ƾ:t´)"$ÅŶ:ő
3 ę%ǃM]fQY	KQIfXb7-Xc	QIfXb=Ŗð|Ņħ
Ńř=š$ŅħŖð|Ŗð|)7:ơ|7-G?ðv½Ɣƴĥè*t
´= XRDÎŌ NMRFT-IR 7- Raman spectroscopy *ņť)79ƞĴ:
Ż8;Â)79ƣċ;Ɣƴ*Ŗð|ǅĮ)gt´=ƾ:Ɔį:
Ǆs)"$ÅŶ=Û  
ő 5 ę%+ÝİBbJ@\JaG	QīǗƝ7-Ýİ>b[U	QīǗƝ=
ő 1 ę Ėǖ 
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ǃ$ƣċ]BTL\7-Ŗð|):ÅŶ=Ûő 3 ę7-ő 4 ę%M
]fQY	KQ=ǃÇ¬Â)#$ÝİīǗƝ&G?ðv½Ɣƴĥ
è*ŕŽƌx8āæ*M]fQY	KQ&ú$:±*Ŀİ1%IfX
b*ĠÃ)7:āÉ=ÛĥèīǗƝ)ƾ:t´)ō$79[Ed(
ÅŶ=Û1ĠÃ*IfXb=ŅħŖð|Ŗð|)7:īǗƝ*
ơ|7-ĥè*t´=êő 3 ę7-ő 4 ę*Â=ǈƗ:  
ő 6 ę%+ő 3 ę8ő 5 ę%Ż8;Â)#$ƫÇ¬%ñ!G?
ðv½Ɣƴĥè*>bBaİƞ%: Na *Ŗð|)7:ơ|7-ƛīƞ)
7:ǂďƆį)"$ÅŶ1Xc	QIfXb=ǃŖð|)7:Ŏ
¦įŤ{)"$ÅŶ:G?ðv½Ɣƴĥè*ūǃÌĝ8åąøÉŌ
* XRDEPMA ņť8ůƘƔƴ8*®Ǌ)7:ê=ÛNa İƞ*ƛī
ƞ)7:ǂď7-Ŗð|)7:ǂď=Ƃ:3) Na ǂďāÉ=ÛŖð
|)7:ǂď Na ƅŰ7- 23Na 3QMAS NMR =ǃ Na *ơ|=ê:ä
Ñ)Ŏ¦į*įƆƕ~*õƓ&$Ć*Ɣƴĥè=ůƘXc	QIfX
b*īǋ¾üơ|7-īġ¡í¹Ĭ=ïď:&8ƝĀoŸŦ×į=Ƈ
h:   
ő 7 ę%+1&3&$ƫÇ¬*İ7-ßÑ*Œ)"$ł$đ/
:  
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2.1 * ?F.'	  
2.1.1 G  
d`qĦƼȮ?ǟßťɈ±?3K>@ĦƼȮ?ȺŧMȺó@Ȟƒǩ:Q
ǪƤ=ŕÖɣ?3K>Ⱥŧ)ȺóUǪľǪű>Ǫɜ/Q*;%Ūɝ:P2
?3K>@ɜ ORQȺŧľɩ#NCȺóĠȽ>Ǉ/QƜÉ=ɣ¾;ȡ³%Ȟɝ;
Ĩ"ORQ  
bXŅªāȠɌÛƋľ@ɂnxɂW]#NC\hqW=<
?İ.:ǳɍ)Ĉǚd`qĦƼȮ?ɁƔľ;-9 1920 ȇǋ$O/:>ŇT
R9 3*;%ȻįIR9 Q1ɁƔľ;-9ȄɄ:@1966 ȇ>®ȵ$OȄɄ
>Ż¼IR9ɠÁȑ%ƎKORd`qĦƼȮ?Ǘ°ɁƔĠȽ;-9ǅ'Ň
TR9#P21993 ȇ>@ȄɄĈǚÌ½?ĈǚĠŒȟůņəŲǻ¾Ʃ JASS8 Ɂ
ƔĠŒ43>ƗǥIR2013 ȇ>@ÀǥIR3ĚðĈǚĠŒȟůņəŲ(ĈǚĠŒ
ȸ)Ȳƙ 25 ȇȔ44>âǥIR9ĚðĈǚñ½$OȑĪIR9 Q2000 ȇǋ$O
@d`qĦƼȮ?ǈéƘUĭKQȼȽ;-9ɢɜ%ĉǹIR9&32-9
2005 ȇ>ǳɍÌ½:ȠɌȹĘĠȽ ƧăŎĠōƏ ()45%ƗǥIR2?ȁ
:ȠɌÛƋĠȽ;-9bXŅªāȠɌÛƋľ%ȡ³IRŋK3H32006 ȇ>
ǳɍÌ½?d`q?ȠɌșȭ#NCȠɌÀŜæŬċíŴ ½4 6:bX
ŅªāȠɌÛƋľ?æŬ?đƄ>7 9ȻįIR3%bXŅªāȠɌÛƋľ?Ƙ
ȉ?Ǿǜ#NCǪɜȖ=<>Ú/Qýǆǩ=ãŭ@ŵ=$63*;$O2012
ȇ?) ŅªāȠɌÛƋ  ĠȽ?ƧăŎĠōƏ()41 %Ɨǥ-bXŅªāȠɌ
ÛƋľ?Ǫɜ>7 9Ž-'ãŭ-9 3  
 
 
Fig2.1 Construction of Silicate-based surface penetrants 
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2.1.2 * ?F.'
C,#H+J  
bXŅāȠɌÛƋľ@bXŅsqY(Na2O•SiO2•xH2O)bXŅmY(Li
2O•SiO2•xH2O)#NCbXŅ]Y(K2O•SiO2•xH2O)UǒȀQ @*ROUšƙ
ȯ;-9ĳĮ-3L?ȴC>*RO?šƙȯ>ȪƙȯUȬĮ-3ľɩ:Pd
`qĦƼȮ?ÂČ?ȷ±%='ȠɌ?ǈéƘȉUĭKQ*;%¶ȉ=Ǿǜ
%Q 1ȄɄ:@qulô=<?d`qĦƼȮMĈǚȮ?d
`q?ÀŜ)ó±)ŏƔ)BCÎRɁŏ=<UɎǩ>ǳɍ)Ĉǚȯɑ:Ģ'ŇTR
9 Q7  
bXŅāȠɌÛƋľ@ɇàŜ?Ɣāľɩ:2?Ⱥŧďɣ;-9 Fig2.1 ?N!
>d`qȠɌ>ǰȤ/Q*;:Åšƙȯ?bXŅāȠɌÛƋľ%Ś(2.1)$
OŚ(2.3)N!>d`qǛ?ƔŅ±]fY;ȓ­-9jqƔɶȮ>ú
 Ƶƙ? C-S-H UĀƙ-Fig2.2 ?N!>ȠɌUɻɆ±/Qďɣ:Q  
 !"#$ ∙ &'$# + )*" $+ # + ,+#$→ 				)*"$ ∙ &'$# 	 ∙ /+#$	 + 2!"$+ + ) + , − / − 1 +#$  (2.1) 3'#$ ∙ &'$# + )*" $+ # + ,+#$→ 				)*"$ ∙ &'$# 	 ∙ /+#$	 + 23'$+ + ) + , − / − 1 +#$  (2.2) 4#$ ∙ &'$# + )*" $+ # + ,+#$→ 				)*"$ ∙ &'$# 	 ∙ /+#$	 + 24$+ + ) + , − / − 1 +#$  (2.3) 
 
**:bXŅāȠɌÛƋľ?ţɭ>7 9ǳɍÌ½$O?ōƏ 1 :@ȓ­$
OƝƙIRQēĀȯ?ɛ¾Ɲ?ɕɇ>N69? Fig2.3 N!>ē±Ā#NCȓ­Āb
XŅāȠɌÛƋľ;üȶ-9 Q*?!5ē±Ā@Ýş>NQƘȉǤ°%ɗƸ
IRQ3KǪɜ/QŖÝş-9@=O= ȓ­Ā:QbXŅsqY@
 
Fig2.2 Fundamental concept of Silicate-based surface penetrants(reaction type) 
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âů 1 :ǪɜŒɮ;-9ȻįIR9 Q 19 ű?đƀ?!5 15 ű:ŇTR9#
PbXŅsqYUɜ 3ÚɱċíLȗǅ 2?ǄFig2.4 >ř-3N!
>bXŅāȠɌÛƋľ?ƘȉĜſUɎǩ;-9ǭµļMȪƙȯUµ"9ɢɜIRQ
 
Fig2.3 Types and characteristics of Silicate-based surface penetrants1 
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*;LQ  
bXŅªāȠɌÛƋľ?ÏɜɎǩ;-9ɰ±%Ɲ.3d`qĦƼȮ?Œ
 
Fig2.4 Ingredient of Silicate-based surface penetrants and addition agent1 
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ĖŕÖɣ?3K>@ǓŅ±ɟƗªÃɟƗ=<?d`q?ǈéƘU¿ȫ
IRQ*;UɎǩ>/QH3ɗɁŕÖɣ?3K>@d`qȠɌȩUÀ
Ŝ-9ɰ±ɝ¡?ƋǺUɟƗ-d`q?ǈéƘUǟßÙ>Ǳ69Éȹ/Q
*;%Ɏǩ;=Q  
 
2.1.3 1>@  
bXŅāȠɌÛƋľ#NCbXŅāȠɌÛƋľUǪɜ-3ȠɌȩ?Ƙȉȡ³>7
 9) ŅªāȠɌÛƋľ?ŝčȼȽ ()48(JSCE-K 572-2012)%ǂĽ-Ǔ
Ņ±(ǛƘ±)ǀǲ#NCƌIª±ȮX\Æłǀǲhba?ɫ±Ìǩ
ƈƆǀǲBCÎRȩ?ǺƔɫƔ?ƋǺƌIëƔɥ#NCd`q?W
]Ƙ=<>7 9ŝčȼȽUǧ-9#Pə.=ċí$O2?Ƙȉ>Ú/QȻ
įU-9 Q**:@2?Ƙȉȡ³?!5bXŅāȠɌÛƋľ? pH #NC
ɆǲMÛƋƌIǓŅ±Ǿǜª±ȮX\Æłǀǲ#NCëƔɥ>7 9ȰĊǝ
ķUĪ bXŅāȠɌÛƋľ?Ƙȉȡ³ą¸UŻ¼/Q  
 
2.1.3.1 * ?F.'
 pH E;./  
Fig2.5 >ǳɍÌ½:25 Ş26 Ɋȳ>Ǉ-9Ī63bXŅªāȠɌÛƋľ? pH
#NCɆǲ?Wbq?ą¸Uř/ 1pH Ǖ@ 10 ſ12 °;=Qľɩ%F
;V<:PpH % 10 °?ǛƘ>ú L?M 12 ſ?óW]Ɲ>ú L
?@ŵ=-H3Ɇǲ@ 1.0 ſ1.3 °%F;V<:P1.3 ſ?L?@
ŵ= ȘËǩ>Ɇǲ%ĭ L?@Ýş-9ɜ ORQƀĮ%ǅ *;%ɗƸI
RQ  
 
 
Fig2.5 pH and density of Silicate-based surface penetrants1 
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H3bXŅªāȠɌÛƋľ@ſã-3N!>d`qǛ?ƔŅ±]f
Y;?ȓ­>N69d`qȠɌUÀŜ/Q3K]fY%Đŵ-3Ȗ
%ŝĻ>ÀŜIRQȖ;Ĩ"ORQ%d`qǛ?]fY@ǅɫ:
PIO>L;L;ǂĽ-3 C-S-H MǄ?ƔɶȮ>Ǉ/Q]fY?ĐŵU
Ĩ"Q;ĐŵȖ?ɉÉ=Ȓǔ@ĲȂ:Q-3%69bXŅªāȠɌÛƋ
ľ?W]ƙȯ:QsqYmY#NC]Y?Ȉǲ$ObXŅª
āȠɌÛƋľ?ÛƋƌIUȡ³/QŝčȼȽ;-9@24 ŖÙÛƋI13őč   
ǆUȠɌ$O 2mm ƌI+;?őɩUĹŢ-őɩ 0.300
 >Ǉ-9 202
?Ɣ 30.000
 Uaumn`hk:  ȯÙ?ÇɸUĪ 202?
śȁ:  ŖÙƠǘ-3L?UĳĮɛ§;/Qǽ3ɛ§Uë¢Sº-X\`
 
Fig2.6 Impregnation depth of Silicate-based surface penetrants1 
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qa{>NPÅX\ȈǲUƾǥ-Ś 8 $OW]X\ȈǲUă
ń/Q
 5 = 7" + 89 + *:   (2.4) 
**:R: W]ûǁX\Ȉǲ(mmol/L)A: ƾǥIR3mYX\ɫ
(mg/L)a: mY?ďŌɫ(g/mol)  B: ƾǥIR3sqYX\ɫ(mg/L)
b: sqY?ďŌɫ(g/mol)  C: ƾǥIR3]YX\ɫ(mg/L)c: ]
Y?ďŌɫ(g/mol):Q  
Fig2.6 >kUɜ 3ƔjqȘ>NQÛƋľ?ÛƋƌI?ą¸Uř/
bXŅsqYUšƙȯ>-3 Na-2 #NC Na-4 ; !ľɩ?ą¸:Qɇǰ
Ȥe}Ǜ>ÛHRQsqYX\ȈǲU 30%ÎPƻM-3ɫLȘË-9 
Qŝč?ą¸ƔjqȘ 50%?ƀĮ Na-2 : 4mmNa-4 :@ 3mm ;ȒǥIR
ƔjqȘ 70%:@ Na-2 : 9mmNa-4 : 7mm ?ÛƋƌI%ÉȆIR9 Q  
 
2.1.3.2 5*(71)=8   
 ȕǩ=d`q?ǓŅ±>7 9Ś (2.5)9?N!=ɗƾp:Ƞ/*;
%:&Q  
 ; = ) < (2.5) 
 **:y: ǓŅ±ƌI(mm) : d`q?ǓŅ±ǀǲþƖ(mm/ ;=">)
t: ĂºŖÙ(year):Q  
 2?ȼbXŅªāȠɌÛƋľUǰȤ-3ƀĮ@ȠɌÛƋľ%ÛƋ-3ȩȯ
?d`q;IO>«?ÛƋľ%ÛƋ-9= ȩȯ?d`q?ǓŅ±
ǀǲþƖ@=Q2*:ȠɌÛƋľUǰȤ-3d`q?ÛƋƌIU z(m
m)ÛƋ-3ȩȯ?ǓŅµǀǲþƖU)?(mm/ ;=">)ÛƋ-9= ȩȯ?ǓŅ±
ǀǲþƖU)@(mm/ ;=">);#';ƌI z?ÛƋȖ%Ʋ9ǓŅ±/QH:>Ȟɝ
=ŖÙ<A(year)@Ś(2.6)?N!>=Q  
 <A = (C )?)# (2.6) 
 
 H3ǻ.ŖÙ:bXŅªāȠɌÛƋľUǰȤ-9= d`q?ǓŅ±ƌ
Ǎ 2 ź Þ¬ċíǝķ 
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ICE(mm)@Ś(2.7)1 ;=Q  
 CE = )@ <A = )@ (C )?)# = )@ )? C (2.7) 
 
 ſ>NPbXŅªāȠɌÛƋľ?ǰȤĖ?ǓŅ±ƌI;F(mm)UŚ(2.8);-9
Ƞ/*;%:&2?ǓŅ±ɗƾp?ÄɝU Fig2.7 >ř/  
 ;F = C + )@ <F − CE = C + )@( <F − C )?) (2.8) 
 **:<F: bXŅªāȠɌÛƋľ?ŎĠÒɧĖ$O?ĂºȇƖ(year):Q  
H3ǳɍÌ½?ŎĠōƏ 1, 10:@Fig2.8 >ř-3N!>ÅȠɌÛƋľ?šƙ
ȯ>NQǓŅ±ŝčUĪ Ś(2.8)$OǓŅ±ǀǲþƖ#NCǓŅ±ƌI 20mm H
:>Ƿǐ/QɗƾȇƖUăń-9 Qą¸UČQ;bXŅªāȠɌÛƋľUǰ
Ȥ-3Ʋ9?e}%ɇǰȤe}NPǓŅ±ƌI>Ǉ/QɔƘUL5Ś
(2.8)$O?ǓŅ±ǀǲþƖ?ą¸:L12 ſ>=69 QɇǰȤ>ȘE9/
E9?e}: 3~6 Ȗ?ǓŅ±ǀǲþƖ%đR9 QǓŅ±ƌI 20mm >Ƿ
ǐ/QɗƾȇƖ>7 9LNa-1 % 80 ȇú'>=PǄ?ȠɌÛƋľL 60 ȇú'
>=69 40 ȇ°?ɇǰȤ>ȘE9ǓŅ±ƌI>Ǉ-9ɔƘUŕ7*;%ÉȆ
IR9 QH3ŴƬO11?kőčǆUɜ 3fā#NCbXŅª
āȠɌÛƋľ?ǈéƘUĉǹ-3ċí:L(Ɠ=-)20RH60%CO2 Ȉǲ 5
?Õò: 28 ȄÙƽƎǓŅ±I13őčǆ:ɇǰȤ?őčǆNP 58~85%(O ǓŅ
 
Fig2.7 Prediction model of carbonation progress1 
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±ǀǲ%Ǚ'=PȠɌÛƋľ?ǰȤ>N69ǓŅ±>Ǉ/QǦĥƘ%Ĝſ/Q*
;%ȻįIR9 Q  
**:Fig2.9 >ř/ke}Uɜ 9 20RH60%CO2 Ȉǲ 5?
Õò: 91 ȄH:ƽƎǓŅ±I13ƭǑO12?ċí:@ȥǡqrjq
(Fig2.9 ?Ɠ13N):@bXŅsqY#NCbXŅmYUŇ63ɨȼ
?őčǆ:ƽ  ƎǓŅ± 28 ȄH:@ǓŅ±ƌI>ɔƘ%Q%56 Ȅ:@2?
Ķ%Đ69#P91 Ȅ:@FGǻ.Ǩǲ?ǓŅ±ƌIUȠ-9 QH3{
XWnfUɜ 3(Fig2.9 ?Ɠ14FA)ƀĮ@ȠɌÛƋľ?šƙȯ>ÚTO0
ƽƎǓŅ± 28 Ȅ:LǓŅ±>Ǉ/QǦĥƘ>ɔƘ%Čū1= *;%ÉȆIR
Q*?ą¸$OƭǑO@ 56 Ȅ?ȣú:ǓŅ±ƌI%ÀŜƷUǞ"9 Q;
çɵ-9 Q  
IO>ìǴO13@ 13 ȇÙ¯Â>ȿɳ-3d`qïőǆUɜ 9ȠɌÛƋ
ľ?ǈéƘ>7 9ĉǹUĪ69 QFig2.10 >ř/ 3 ţɭ?bXŅªāȠɌÛ
ƋľUɜ 9ǓŅ±ǀǲ#NCǓŅ±ƌI?ƾǥą¸No.1(bXŅsqY);
No.2(ȃŅ±bXƴUšƙȯ>-3ɇàāľɩ )@ɇǰȤ (|` )őčǆ?ǓŅ±
ƌIȲøǕ>Ǉ-9 91.6%#NC 97.2%H:ƎĪIRǾ>ǓŅ±ǦĥƘ>ɔƘ
%ÉȆIR= -ǓŅ±ǀǲ>Ǉ-9LŰß$O|`>ȘE9'=Qą
¸%ÉȆIRQ2?ȼNo.3(bXŅŜāƙȯ?dXlf$)@ǓŅ±ƌ
       
Fig2.8 Results of carbonation depth and prediction model1, 10 
 
Ǎ 2 ź Þ¬ċíǝķ 
 
 20 
I?ȲøǕ@ɇǰȤ? 72%(O :QǨǲ?ǦĥƘ%ÉȆIRQ%ÅüÙ>
NQǓŅ±ƌIUÉȆ-9IQ; 3 ȇH:@ǄőčǆNPǙ'=Q%3 ȇſ:
@Ǆ?őčǆ;FGǻ.ǀǲ>=69 Q*?ą¸$OǓŅ± 1~3 ȇH:@Û
 
Fig2.9 Carbonation depth of each samples exposed to CO2 5% for 28, 56, 91 days12 
 
Fig2.10 Carbonation depth and speed of each samples exposed to outdoor for 1, 3, 13 year13 
 
Fig2.11 Carbonation depth of each samples applied Ca ion14 
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ƋƷ%ǓŅ±ƎĪUɟƗ-9 Q%Ăȇ>N692?ě¸%ȏR13 ȇ:@|
`;ǻǶ?ǀǲ>=Q*;UȻį-9 Q  ĸĖ>bXŅªāȠɌÛƋľ
?ǭµļ;-9]fYɛ§Uɜ 3ƀĮ?ǓŅ±ƌI>Ú/Qą¸U Fig2.11
>ř/1491 ȄÙƽƎǓŅ±I13e}:LɇǰȤM]fYǭµ= e
}NPɔŨ=ǓŅ±ǦĥƘ%ÉȆIR9 Q%]fYɛ§;ÛƋľ?Ȉǲ
>NQ(Ca:ÛƋľ=1:14:1)Ķ@Ǿ>ÉȆIR9 =   
*?N!>ǛƘ±>Ǉ/Qâů:?ą¸;¢ɜ-3ȰĊ:?ą¸?ÿĜƘ%
=Q*;>7 9H0âů:@ Fig2.12 >ř-3N!>ǰȤĖ$O?ɞƝȼȽ>
NQǛƘ±ƌI?ą¸Uř-9 Q2?!5łƔɞƝUɜ 3ƀĮ@áǛɞƝ;
@=QÿĜƘ%ÉȆIR9 Q%Fig2.8 ?p$O?ɗƾą¸@ȗɪ 
áǛɞƝ?ą¸4)Uɢɜ-92?Ė?ǛƘ±ƌI>Ǉ/Qɗƾą¸Uř-9 Q
H3Ś(2.8); Fig2.8 ?ɗƾą¸Uɜ 9Åe}?ÛƋƌIUĨ"9IQ;
 ƞɆ=ą¸Ǖ?ńū@:&= %F;V< 4mm05mm ?ÛƋƌIUř-9#P
ÛƋȩſ:?ǛƘ±ǀǲ>Ǉ-9ɇǰȤȩ;ǻ.ǀǲ; !²ǥ$OÛƋȩ?
I?ǛƘ±ǀǲþƖUř-9 Q-$-¢ɜ-3Ǆ?ȰĊ@ÛƋƌIUǞ"3
ǟß:ǛƘ±%ƹ'=69 Q*;UȻį-9#P2?ȩȯ:?ǛƘ±ƎĪ?
èǮ%å*69 Q¶ȉƘMÛƋȩ?ǛƘ±>NQ±Ìǩ=ȷ±ȁȩĦƼȷ±
%ȑƝ-9 Q¶ȉƘ%Ĩ"ORQ  
 
Fig2.12 Carbonation depth by curing method (after applied)1 
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2.1.3.3 A)3;  
ȕǩ=d`qǛ>ƋǺ#NCÆł/Qª±ȮX\?ÆłþƖ@Ś(2.9)
15?N!>ř/*;%:&Q  
 * G, <@I = *J(1 − =>K G2 L@ ∙ <@I) (2.9) 
**: 	* G, <@I : d`qȠɌ$O?ƌI x(mm)#NCőčŖÙ tcl(year)>
#)Qª±ȮX\Ȉǲ(kg/m3)x: d`qȠɌ$O?ƌI(mm) tcl: őčŖ
Ù(year)C0: d`qȠɌ?ª±ȮX\Ȉǲ(kg/m3) erf: ėĶþƖDc: b
XŅªāȠɌÛƋľțÛƋȩd`q?ª±ȮX\?ČÍ)?ÆłþƖ(mm
2/year):Q  
H3ȠɌÛƋľUǰȤ-3ƀĮ@ÛƋȩUĨɦ-9Ś(2.10) 1 ?N!>=Q  
 * G, <@I = *J(1 − =>K	( 12 <@I (G − CL@ + CL?) (2.10) 
**:L?: bXŅªāȠɌÛƋľÛƋȩd`q?ª±ȮX\?ČÍ)
?ÆłþƖ(mm2/year):Q  
H3ǳɍÌ½?ŎĠōƏ:@JSCE-K57286.9 ª±ȮX\ƋǺ>Ǉ/Q  
ǦĥƘőč4>Ü8&1 ȇÙȿɳ-3ɇǰȤd`qőčǆ#NCbXŅª
āȠɌÛƋľǰȤd`qőčǆǛ?ª±ȮX\ȈǲȯȤU Fig2.13 #NC
Fig2.14 ?N!>ƾǥ-9#PǽOR3ą¸;Ś(2.10)$Oª±ȮX\ÆłþƖ
#NCǫù$DP 30mm ǘ>#)QȦƆÁŋH:?ɗƾȄƖUńū-9 Q 1
ą¸UČQ;ɇǰȤ:@ 1.5 ſ>=Qª±ȮX\ÆłþƖ@bXŅªāȠɌ
ÛƋľUǪɜ-3ƀĮšƙȯ>Úþ=' 0.5~1.0 Ȗ:ȯȤIR9#Pª±Ȯ
ƋǺǦĥƘ?Ĝſ%ßǉIRQH3ǫù$DP 30mm ǘ>#)QȦƆÁŋH
:?ɗƾȄƖ?ą¸># 9LɇǰȤ% 400 Ȅȣú>=QȼbXŅªāȠɌ
ÛƋľUǪɜ-3ƀĮ@ 500 Ȅſ$O 700 ȄſH:ɒ 1.3~1.7 Ȍ>¨A/*
;%:&Q;Ĩ"ORQ  
-$-Jian-Guo Dai O16%Ī63 1 ȇÙȿɳI13d`qïőǆUɜ  
3ª±ȮX\?ƋǺ#NCǫù?ȦƆ>Ú/Qċí:@ſã-3N!=ª±ȮX
\ƋǺ>Ǉ/QɔƘ@ÉȆIR9 = Fig2.15 ? Fig.9 ř/ª±ȮX\Ƌ
Ǻ?ą¸:N.T @ɇǰȤA $O D @fāE @bXŅsqY#NC F
@W`bXŅsqY?ȠɌÛƋľUǪɜ-3e}:Q%ŝč?ą
¸E ; F @ N.T ;FGǻ.Q @g-Sĭ ª±ȮX\Ȉǲ%ÉȆIR9
Ǎ 2 ź Þ¬ċíǝķ 
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 QH3Fig2.15 ? Fig.12 >ř/ǫùȦƆ?ą¸:L N.T NPǾ>ɔƘ@Č
 41= IO>Fig2.16 >ř/ŴƬO 11 ?kUɜ 3ª±ȮX\Ƌ
Ǻ>Ǉ/QǦĥƘ?ą¸:L30 Ȅ60 Ȅ NaCl Ɣɛ§>ƋǣI13ƀĮf
 
Fig2.13 Results of chloride penetration1 
 
Fig2.14 Chloride penetration coefficient and corrosion of internal steel (30mm)1 
 
Ǎ 2 ź Þ¬ċíǝķ 
 
 24 
āÛƋľ%ɇǰȤ>ȘE9ĭ ǦĥƘUČ1QȼbXŅªāȠɌÛƋľ?ƀĮ
ɇǰȤ;F;V<ȷTO= $g-Sǌ&'=Pª±ȮX\ƋǺ>Ǉ/QȺŧ
ě¸%Ǿ>ÉȆIR=   
 
Fig2.15 Chloride penetration profiles in concrete cylinders(left) and Influence of 
surface impregnation on the corrosion of internal steel reinforcement(right)16 
 
Fig2.16 Chloride penetration of mortar samples11 
 
Ǎ 2 ź Þ¬ċíǝķ 
 25 
 
2.1.3.4 0I<0I  
Fig2.17 >ǳɍÌ½?ŎĠōƏ$O?bXŅªāȠɌÛƋľUǰȤ-3Ŗß>N
Qőčǆ?ëƔɥ#NCǺƔɥ?ą¸Uř/ 1 ŝč@ JSCE-K57286.6 ǺƔɥ
őč4#NC6.7 ëƔɥŝč4>Ü8 9ĪTR9 QH0ëƔɥ?ą¸:
@ľɯ 7 ȄǰȤ:@ɇǰȤ>ȘE9 Na-1 % 1.05 ȌLi-1 % 1.2 ȌǨǲƻ"9 
Q%Ǆ?e}@Ʋ9ɇǰȤNPëƔɥ%Ǥ'=69 QH3ľɯ 28 Ȅ
ǰȤ?ƀĮ@Ʋ9?őčǆ%ɇǰȤ>ȘE9 0.6~0.8 Ȍ(O >Đ69#Pë
Ɣɥ%Ǥ'=69 QǺƔɥ?ą¸:L Na-1 %ľɯ 7 ȄǰȤ:ɇǰȤ>ȘE9
FGǻ.ǺƔɥ%ÉȆIRQ%Â?e}:@ɇǰȤNPƋǺɥ%Ǥ'=6
9#PȠɌ?ɻɆ±%ɗƸIRQ  
-$-Fig2.1811 #NC Fig2.1916 >ř/Ǆ?ċí:?ëƔɥMƋǺɥ?ą¸:
@fāMɇǰȤ>ȘE9Ǿ>ɔƘ%Čū1= Fig2.18 ? 0h500h #N
 
Fig2.17 Water absorption and Permeability1 
 
Fig2.18 Water absorption results of exposure samples11 
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C 1000h ƽƎȿɳ-3ke}?ëƔɥ?ą¸:@SS-series #NC S-se
ries(fā):@ɇǰȤNPëƔɥ%Ǥ'=69 Q%K-1 $O K-5 őčǆ:@
ɇǰȤNPëƔɥ%ĭ'=69 QFig2.19 ?ą¸:Lïőǆ?ƃĆ>Úþ='
bXŅªāȠɌÛƋľ?ƀĮ(E ; F)ɇǰȤ;FGǻ.Q @ǌ&'=Qą¸
%ÉȆIRQŷǯO 17?ɹƔ)ƋǺāɁƔľ?ȿɳŝč>Ú/Qċí?ą¸:L
bXŅªāľɩUɜ 3ƀĮ?ɹƔƘ>7 9 1 ȇ~3 ȇH:@ě¸%Q%2
?Ė@ě¸%F;V<= ą¸UȻį-9 Q  
 
2.2 Calcium Silicate Hydroxide 
2.2.1 G  
ȥǡqrjq~hq(Ordinary portland cement° OPC)@Ɣ;
 
Fig2.19 Water absorption of RC prisms impregnated with different materials16 
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?ȓ­>N69[Xq(Alite3CaO•SiO2° C3S)#NC•Xq(Belit
e2CaO•SiO2° C2S)?Ɣɶȓ­$OƔŅ±]fY(Ca(OH)2)#NC]f
YfbqwXrq(Calcium silicate hydrate(CaO)x•(SiO2)y•(H2O)z°
C-S-H)%ƝƙIRQ182?!5 C-S-H @ƲǆƔɶȮ? 70%ſUƫKQŪɝ=
ƔɶȮ:P19d`q?óǲMǈéƘ>Ǉ-9țƁ>ǅ'¤õUêG/
*?*;$OjqĠÌȯɑ?Ūɝ=Xo;-9ºî$Oǅ'?ċí
%ĪTR9 Q%2?ȜĺĦƼMƵƙ=<>7 9H4H4ƿP= ;*S%ǅ
 20  
IO>ĸú?ĈǚŃö?Õòȧ¹#NCŸȚIRQ[u_?ɏǎ$Oj
qǋǊľ#NCjqĳɶľ(Supplementary cementitious material° SC
M);-9{XWnf(Fly ash° FA)Mĭɲha(Ground granulated blast f
urnace slag° GBFS)=<?Ïɫ%ǅ'=69#P21, 22, 23ÚɱċíLĢ'ĪT
R9 QSCM ?Ïɜ>Ǉ-9OPC ;@2?ƙȯMƵƙ%=Q*;$OƝ
ƙIRQƔɶȮ>7 9L %PIO>ȓ­UƽƎIRQ3K>ɢɜIRQ
W]ňĄļ?¤õLQ*;$OSCM $OƝƙIRQ C-S-H >Ǉ-9Lǅ
'?ċí%ĪTR9 Q  
H3Ʉċí?bXŅªāȠɌÛƋľ?ÜɄǩ=ȺŧďɣL C-S-H ;Ɇƥ=Úþ
%QbXŅªāȠɌÛƋľ;ƔŅ±]fY?±Ìǩ=ȓ­>N69C-S-
H āƔɶȮUƝƙI1ȠɌUɻɆ±-ǈéƘUĜſIRQ*;:PÛƋI
RQd`qȠɌ?ȠɌÛƋľ>NQ±Ìǩ=ȷ±#NCȺŧě¸Uȡ³/Q
3K>@ C-S-H >Ú/Qɣ¾@Ȟƒ:Q*?*;$O**:@ C-S-H ?ÜɄ
ǩ=ĦƼ$OƵƙ>NQ #NCǓŅ±>Ǉ-9ǝķUĪ!  
 
2.2.2 C-S-H 
D:$2  
C3S #NC C2S ?Ɣɶȓ­>NQ C-S-H ?Ɲƙ@Ś(2.11)?N!>ř/*;%:  
&Q24  
 *M& + 3 − G + O +#$ → *P&+Q + 3 − G *"($+)# 2*#& + 4.3+#$ → *T.U&+V + 0.3*"($+)#  (2.11) 
 
C-S-H ?ȯŌĦƼ#NCƵƙ>7 91952 ȇ? J.D. Bernal O?ċíU-ŋK
9ǅ'?ċí%ĪTR9&3 18, 25, 26H.F.W. Taylor18 @OPC $OƝƙIRQ C-
S-H ?ĦƼMƵƙ>7 9 Fig2.20 ?N!> C-S-H(、)#NC C-S-H(。)Uǧ-9
#PC-S-H(、)@ 1.4nm tobermorite(5(CaO)•6(SiO2)•9(H2O));C-S-H(。)@ Jennit
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e(9(CaO)•6(SiO2)•11(H2O));ĦƼǩ>œ9 Q*;UȻį-3-$-țŶŜ:
Qjq~hq? C-S-H c@X Ʈ¿Ʀȯơ(X-ray diffraction  °  XR
D)Uǡ.3ȯơ>Ȃ-I%6329Si MAS NMR Uǡ.927, 28, 29đĽ@ȕ
ǩ>ɷIR9 Q Fig2.21 ?N!=30Ca-O ƷUŪƉ>fbq dreierketten chain
% paired tetrahedral #NC bridging tetrahedral ;-9ąĮ-9 QĦƼ%żɉIR
2?ĦƼ>Ü8 9ǬƱ? tobermorite #NC jennite ?ĦƼ>Ú/Qǅ'?ċí%
ĪTR9&9 QH31.4nm tobermorite Â>2? chain length M interlayer ?
ƔȯŌ?ɫ%=Q 1.1nm tobermorite ĦƼ>7 9Lǅ'ċíIR9 Q%31, 32, 
33Ʉċí:@ 1.4nm tobermorite ?ĦƼ>Ü8 9ȯơUĪ!  
 
2.2.3 C-S-H 
 Al 6  
OPC :?Ņ±W‒Y@(Al2O3)ƲǆŪɫ?~6%?Ȗ:]fYW
uq(C3A)M]fYW‒Y{ZXq(C4AF);-9ǂĽ/Q 18OPC
 
Fig2.20 Crystal data for 1.4nm tobermorite, jennite and related phases18 
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?Ɣɶȓ­$OƢĩ(CaSO4)?ǂĽ>Ś(2.12)?N!> ettringite(Ca6[Al(OH)6]2(SO
4)3•26H2O)#NC monosulphate(Ca4[Al(OH)6]2SO4•6H2O)>=Q 24  
 *M7 + 3*&+# + 26+ → *Y7&M+M# *Y7&M+M# + 2*M7 + 4+ → 3*V7&+T#  (2.12) 
 
ettringite M monosulfate Â>jq~hq:? Al @ŊɌǆ;-9(AlO4)
C-S-H >ȅPıISilicate tetrahedral chain :? SiO4 ;ǘÔIRQ*;% Kalousek
34$OŰK9ȻįIR9$OđĽH:ǅ'ċíIR9 Q35, 36Kormarneni37, 38, 
39O@Al % tobermorite ?ĦƼ:?N!> bridging tetrahedral M interlayer >ȅP
ıg*;UȻį-9 QH3Kirkpatrick40O@ƔɶIR3 OPC MXq
qrjq(White portland cement° wPC):ɴɌǆ(ettringite #NC mon
osulfate)#NCŊɌǆ? Al %ǂĽ/Q*;UȻį-9#PLognot O41#NC Pard
al O42@ tobermorite ĦƼ? bridging tetrahedral 4):@='paired tetrahedral :
?ǘÔLçɵ-9#P2?ǘÔ># 9 Na ?¤õUɷ-9 Q*?N!= C-
S-H :? AlO4/SiO4 ?ǘÔ@Al2O3 ?Ûɕɫ%ĭ GBFS Uɜ 3jq:L6
 
Fig2.21 Shcematic diagrams showing dreierketten chains present in 1.4nm tobermorite(left 
bottom, which in theory are of infinite length) projected along [010] (left top) and 
dreierketten chains present in structure of jennite(right bottom, which in theory are of 
infinite length) projected along [010] (left top, hydroxyl groups are indicated by ‘H’)30 
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;ǅ'=Q*;%ȻįIR9#P 21, 43IO> GBFS Uɜ 3ƀĮ@ňĄļ;-9
Na ƙȯ?bXŅsqYMƔŅ±sqYUŇ!*;$OǘÔȓ­%ƽƎ
IRƝƙIRQ C-S-H U Al %ǘÔIR3 C-A-S-H ;-9çɵ-9 Q44, 45, 46
Al %ǘÔIR3 C-A-S-H >=Q*;>N69C-S-H :? chain length %¤õUŤ
)C-S-H : 3~5 ? tetrahedral chain length @ C-A-S-H :~13 ?ȖH:ǟ'=Q
*;%ȻįIR9#P 43ǘÔ>NQȁȩĦƼ>L¤õ%Q*;%Ĩ"ORQ
C-S-H :? Al ǘÔ@ 2.3 Nuclear Magnetic Resonance :L6;Ž-'Ż¼/Q  
 
2.2.4 C-S-H 
5*  
jq#NCd`q:?ǓŅ±@ǌáǛ? CO2 %d`q?`
]MƔɶȮ;ȓ­-ȠɌ%ǛƘ±IR pH %Ǥ'=P CaCO3 %ƝƙIRQ*
 
Fig2.22 Schematic diagrams illustrating the polymerization of tobermorite based 
dimer hy the insertion of both silicate and aluminate monomers at bridging site30 
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;UɅ/Q47d`qȠɌ:?ǓŅ±@ pH ?Ǥ°>NQǫù?ȦƆUå
*-ȠɌ?BCÎRMǈéƘǤ°?ď¡;=Q  
OPC :?ǓŅ±@CO2 ?ƋǺ>N69d`qǛ>ɛ¾IR9 3 Ca2+M
OH-%ȓ­-CaCO3 %ƝƙIRQ2?ĖCa(OH)2 ? CaCO3 ±%ƎĪIRCa
(OH)2 %ŸȚIRQ; C-S-H :? decalfication >N69 C-S-H %ǓŅ±/Q*;%
ǖOR9 Q48ǓŅ±IR3 C-S-H @C/S ?Ǥ°;;L>ǅĝƘ%ĭ'=P
Ca2+?ɛū$O Si-O ?ŪĮ%å*Q  
H3SCM Uɜ 3ƀĮ@OPC NPǓŅ±ǀǲM CO2 ?ƋǺǀǲ%ƹ'=Q
*;%ǖOR9#P2?ď¡;-9ǘÔIR3 Al MW]ňĄļ?¤õ%Ȼ
įIR9 QDeja49#NC Palacios O50@GBFS Uɜ 3ƀĮ?ǓŅ±>NQɬ
Ìǩ=ǾƘ?Ǥ°Uçɵ-9#PH3 Puertas O51@bXŅsqYM NaOH U
ňĄļ;-9Ň63ƀĮǓŅ±ƌI%ƹ'=Q*;UȻį-9 Q  
I.G. Lodeiro O52@Įƙ C-S-H % NaOH ɛ§;ĳĮIR3ŖCalcite(CaCO3)%
ƝƙIR3*;Uçɵ-9#PC-S-H :?ŪĮ>N69 chain length %ǟ'=6
9 Q*;Lɷ-9 QIO>NaOH ?Ȉǲ%ĭ'=QF< C-S-H :?ŪĮǲ
%ĭ'=Q*;Lçɵ-9#P53W]ňĄļ%ǓŅ±>êG/¤õ%ɗƸI
RǈéƘ?Ǥ°?ď¡>=Q¶ȉƘ%Ĩ"ORQC-S-H :?ǓŅ±>7 9L
Nuclear Magnetic Resonance :L6;Ž- ƩɉUµ"Q  
 
2.3 Nuclear Magnetic Resonance 
2.3.1 G  
 ĭȯ¾ȉÈŘfðɋ(Nuclear Magnetic Resonance°  NMR)@ƾǥ?Ǉž>=
QÅÈŌ?hz;ÂȩƠŘƀ?ƺĔĿɜ$OľɩďŌ?ĦƼM±ĮȮ?ȷ±#
NCǥɫ=<?Õò>Ú/QƂȻUǽORQɬǩ=ƾǥȼȽ:P±Ìȯơȯ
ɑ:Ģ'ŇTR9 Q54, 55IO>ēǆ NMR(Solid State Nuclear Magnetic Reso
nance) ?ƾǥ:@ąŶƘ?ȮŜ4):@='țąŶƘȮŜ?ƾǥL:&Q*
;%Ǿǟ;=69#Pjqȯɑ?țąŶƘȮŜ?ȯơ>LÏɜIR9 Q56,
 57H3ēǆ NMR :@ƾǥIRQ±Ìf{q(Chemical shift)?ȼƘMƶ÷
Ō-ƶ÷ŌƺĔĿɜUųî/Q3KFig2.23 ?N!> 54.7?Êǲ:ÿ)3őɩÖ
Uĭǀ¿ǮI1Q Magic Angle Spinning(MAS)NMR ȼȽUɢɜ/Q2RÂ>
ÅÈŌ?ÈhzƖ 	 MǬƱǂĽȘ=<>N69ƾǥIRQh~`q?ĢIMÓ
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ǲ(Signal/NoiseS/N)%ȷTPɪ Óǲ?ƾǥą¸UǽQ3K>×ɶŖÙMƣń
¿Ɩ=<Uǝƨ%Ȟɝ>=Q 56H3NMR ?ƾǥȼȽ;-9 1 ŗĎ?ƾǥ4)
:@='3QMAS(Triple Quantum MAS)M MQMAS(Multiple Quantum MAS)=<
?ǅŗĎƾǥȼȽLÁȑIR9ÏɜIR9 Q**:@jqā? NMR ƾ
ǥ>7 9Ż¼/Q
 
2.3.2 
 NMR 
jqĠÌ:? NMR ?Ïɜ@š> 29Si NMR Uɜ 3 C-S-H ĦƼ?Øƾ#
NC 27Al NMR Uɜ 3WuqāƔɶȮ?Øƾ%N'ŇTR9 Q58Ǿ>
jqƔɶȮ:? C-S-H @ąŶƘ%N'= țŶŜ:PXRD Uɜ 3ȯơ
>@Ȃ-I%Q%29Si NMR Uɜ 9ĦƼUȯơ/Q*;%:&Q**:@
29Si NMR #NC 27Al NMR ?jqM C-S-H :?Ǫɜ>7 9Ż¼/Q  
 
2.3.2.1 29Si NMR 
ÈhzƖ I=1/2 #NCǬƱǂĽȘ 4.69UL7 29Si UÈŌ>/Q 29Si MAS NM
R @^hāȮŜMjq~hq?ƾǥ:N'ŇTR9 QC-S-H :? Si
 @ŊɌǆĦƼ;-9ǂĽ-29Si NMR $OǽORQ±Ìf{q@ Fig2.24 >ř
-3N!> Qn(n=0~4):N'Ƞđ/Q 56Qn ; !?@7? Si ŊɌǆ? O >ą
Į-9 QȮŜ? Si ?Ɩ n UɅ/Q29Si NMR ?±Ìf{q:Qn ;-9đR
QȖ@ Fig2.25 >ř-3N!>-70ppm $O-120ppm :P 55Fig2.26 >ř/Q
ǨǲƔɶIR3jq~hq? 29Si NMR ?ą¸; 1.4nm tobermorite ?ĦƼU
ȘË:@H0 C3S(-66ppm~-78ppm)M C2S(-71.3ppm)?`]?z`@ Q0 ?
 Ȗ:ĉūIRH3`]?Ɣɶȓ­$O C-S-H >=Q; Q1(-78ppm)Q2
(-85ppm)z`>=Q59  
X.D. Cong ; R.J. Kirkpatrick20 @tobermorite M jennite ĦƼ>ú C-S-H UɎ
 
Fig2.23 Magic Angle Spinning54 
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ȟ C/S=2.0~0.4 ?Ȗ:Įƙ-2? C-S-H ? 29Si MAS NMR ƾǥą¸Uř-9 
QFig2.27 UIQ;ÅĦƼ>Úþ=' C/S %Ǥ'=QF<(Fig2.27 ?°?ȼ% C/S
%Ǥ )Q1 %Đ69 Q2 ?ƺǇǩ=ɫ%ƻ"9 QH3*?ą¸$O C/S %ĭ'
=QF<ZT/ ZQ%ƻµ-9 Q*;Uɷ-9#PC/S >NQ Ca-OH #NC Si-O
H ɫ?ǥɫH:ȯơUĪ=69 QH329Si NMR $Oǽ3 Q1 #NC Q2 ?ƺ
ǇȘɥ>N69Ś(2.13)30 ?N!> C-S-H ? Mean chain length(MCL)M bridging t
 
Fig2.24 Annotation of Si(!)56 
Fig2.25 Schematic representation of the range of 29Si chemical shifts55 
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etrahedral #NC paired tetrahedral ?ȘɥUăń/Q*;L:&Q  
 
 
Fig2.26 Schematic representation of a Single layer in the crystal structure for a 
1.4nm tobermorite(left) and 29Si MAS NMR spectrum of wPC(right) here, (c) C3S 
and C2S (d) Q1 and Q2 (e) Q2(1Al)59 
 
 
Fig2.27 Selected 29Si MAS NMR spectra of C-S-H samples of the three samples series20 
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\*3 = 3O − 1 = 2(ZT + Z#)ZT  ]>":<'^O	^K	9>'_`'O`	<=<>"ℎ=_>"b = Z#3(ZT + Z#) ]>":<'^O	^K	c"'>=_	<=<>"ℎ=_>"b = ZT + 2 3ZTZ# + Z# 5"<'^	^K	9>'_`'O`	<^	c"'>=_	<=<>"ℎ=_>" = Z#3ZT + 2Z# 
 
 
 
 
 
(2.13) 
 
H3Fig2.26 ? tobermorite ĦƼ#NC 29Si NMR ?z`:Lū9 Q%29Si
 NMR $OL C-S-H :? Al ŊɌǆ; Si ŊɌǆ?ǘÔ>Ú/Q Q2(1Al)z`?ĉ
ū%ÉȆIRQH0Komarneni O 37 @Įƙ tobermorite Uɜ 3 Al ?Ȉǲ>
NQŝčUĪ 29Si NMR ?ƾǥ$O-82ppm ? Q2(1Al)#NC-92ppm ? Q3(1Al)U
çɵ-9 QFig2.26 ?ĦƼ>Ü8 9Al %ǘÔIR3 Q2(1Al)H:Ĩɦ-3 M
ean alumino silicate chain length Uř/;Ś(2.14)30 >=Qȕǩ>Al %Úɘ-
9 Q Q2(1Al)?z`%ƻ"Q; MCL %ǟ'=Q*;%ǖOR9 Q 59  
 \*3 = 2ZTZT + Z# 07b + 3 2Z#(17b)
 
7b &' "<^d	>"'^ = 1 2Z#(17b)ZT + Z# 07b + Z#(17b) 
 
 
 
(2.14) 
 
C-S-H ?ǓŅ±>7 9C-S-H :? Ca2+?ɛū(decalcification)>N69 Si ŊɌ
ǆ%ŪĮ-Fig2.28 >ř-3 M. Castellote O 48 #NC T.F. Sevelsted O 47 ?ċí?
N!> 29Si NMR ? Q1 #NC Q2 ?z`% Q3 M Q4 >=PCa-modified SiO2 >
=Q*;$O29Si NMR ?ƾǥUǡ.9 C-S-H :?ǓŅ±UØƾ/Q*;%:&
QFig2.28 ?ĵ>ř-3 M. Castellote O?ċí:@ wPC Uɜ 3 CO2 Ȉǲ+;?
ǓŅ±I13e}? 29Si NMR ƾǥUĪ=69#PIO> TG-DTAXRD ?
ą¸Uɜ 9 Ca-modified SiO2 :? C/S Uńū/Q*;Uċí-9 QT.F. Seve
lsted O@C/S %=QĮƙ C-S-H Uɜ 9ƽƎǓŅ±ŝčUĪ ǓŅ±ßÙ>
N6929Si NMR :ĉūIRQ Q3Q4 ?ĀƙȘɥ$O MCL M Ca-modified SiO2
:? Ca/Si Ș=<Uĉǹ-9#PǓŅ±ßÙ%ǟ'=QF< MCL %ǟ'=Q*
;Lɷ-9 QH3M. Palacios O#NC S. A. Bernal O60@GBFS Uɜ 3
e}? C-S-H :?ǓŅ±>7 9ȅR3W]ňĄļMȶ?ĳĮľ%ǓŅ
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±>ɘ"Q¤õU 29Si NMR ƾǥUɜ 9ċíUĪ=69 Q  
 
2.3.2.2 27Al NMR 
ÈhzƖ I=2/5 #NCǬƱǂĽȘ 100UL7 27Al UÈŌ>/Q 27Al MAS N
MR @ĉūIRQ±Ìf{q?Ȗ$O Al ÈŌ?ȋUȊ/Q*;%:&Q
5527Al NMR @WvfbqȮŜMjq=<? Si ; Al %Úþ-9 Q
ľɩ>Ǉ-9 29Si NMR ƾǥ;?ȘËUǡ.9ȮŜ?ĦƼUȊ/Q*;%N'Ň
TR9 Qȕǩ>jq~hq?e}:ĉūIRQ 27Al NMR ?z
`@Fig2.30 >ř-3N!> 6 ȋ(OctahedralAl[6])?Ȗ(-10~15ppm)? AFt #
 
Fig2.28 29Si MAS NMR spectra for CO2 Concentrations (left) and 29Si NMR spectra 
of the synthesized C-S-H samples with C/S=0.66, 1.00, 1.50 exposed to atmospheric 
CO2 under humid conditions for 1, 2, 4 and 12 weeks(right)48, 47 
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NC AFm5 ȋ(PentahedralAl[5]):@(30~40ppm)C-S-H ? interlayer ? AlO5 #
NC 4 ȋ(tetrahedralAl[4])?Ȗ(50~80ppm):@ C3A MŊɌǆ;-9 C-S-H >
 
 
Fig2.29 27Al NMR spectra of unhydrated C3A and product of full hydration with 
water at cement55 
 
Fig2.30 Range of 27Al chemical shifts in various Al compounds55 
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ǘÔIR9 QL?%ĉūIRQFig2.29 >ř-3N!>Ɣɶȓ­Ư> Al[4]:ĉ
ūIR3 C3A @Ɣɶȓ­$O AFt M AFm >=PAl[6];-9ĉūIRQ  
Al[6]?Ȗ:ĉūIRQ AFm M AFt >Ǉ-9ûôO61@ȁȩȟůȮŜ;-
9 AlK(SO4)2•12H2O Uɜ Ś(2.15)61 ?N!> AFm #NC AFt ?ǥɫȼȽUǧ
-9 Q  
 e<<>'O`'<= d"ff% = 50× jklm jFnopIl × \lqq \klm ×(&lqq &klm)  
(2.15) 
**:Wref: mass of AlK(SO4)2•12H2O (g)Wsample: mass of sample (g)Mett: molecul
ar weight of ettringite (g/mol)Mref: molecular weight of AlK(SO4)2•12H2O (g/mol)
Sett: intensities of ettringiteSref: intensities of AlK(SO4)2•12H2O ;/Q  
 
ǥɫą¸?ĉż?3K>ettringite UÛH= q`h>âǥȈǲ? ettringite
őɓUǭµ-9ǥɫUĪ=63ą¸(Fig2.31 ?£)ÿ& 1 ?ǠƮſ>FGǘ-
9 Q*;$OƇɡƘ?ĭ ǥɫǕ%ǽORQ*;%ÉȆ:&3  
H3C-S-H >ǘÔIRQ Al ŊɌǆ>Ǉ-927Al NMR Uɜ 3ċíLǅ'Ȼ
įIR9 QP. Faucon O62@NaOH ?Ȉǲ#NC Al ?Șɥ>NQĮƙ C-S-H
? 27Al 3QMAS NMR ?ƾǥ$Otobermorite ĦƼ:? Al ǘÔ>7 9çɵ-9 
QFig2.32 ?ĵ>ř/ C-S-H(A，)? 27Al NMR ą¸: Al[4]Ȗ? 2 Ē?z`>
7 927Al 3QMAS NMR ƾǥUĪ tobermorite ĦƼ># 9 NaOH ?ǂĽ>
 
Fig2.31 27Al NMR spectra for sample and AlK(SO4)2•12H2O(left) and Relationship 
between nominal and measured concentration of ettringite in a variety of 
matrix(right)61 
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N69 Al %ǘÔIRQƀű% bridging tetrahedral 4):@='paired tetrahedral
:?ǘÔ%å*69 Q*;UȻį-9#P(Fig2.33)2?ą¸>7 9Ǆ?ċí
:LçɵIR9 Q 35, 42  
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3.1 
  
 ƠǤ³©&K?8*"ĖàǂǢ¾ōøǘ?ŤáěøĚŐ()0201291:Æȃ-
9"M^UĖàǂǢ¾ōđ?¿ǚƚ=êǴ@0Ħ(3.1)?g#>ǂǢ>ŻĐ-9"
MŔĖYbV~( Ca(OH)2);ǔĮđ?Ƹ&KYbV~b^6mŔȄ
Ǌ(Calcium Silicate Hydrates0   C-S-H)>×"Ō-"ŔȄǊQŜř,19ǂǢ
Qȇǝ-0­ǇȀǮ?ōƥQǰŗ/M+;:!M1  
 !"#$ ∙ &'$# + )*" $+ # + ,+#$→ 				)*"$ ∙ &'$# 	 ∙ /+#$	 + 2!"$+ + ) + , − / − 1 +#$  (3.1) 
 
 -&-='K0fm•_\m?ŔȄƸ@ƽŅ>ǉ&=ŰóĒǭ>g
69Ä+KN9%L0ǔĮđ>gMŔȄǊ?Q7?Ħ;-9#Ǡ/M+?@
ǞǴ'!M1,K>0+?g#=ŗƚ= C-S-H ?Ŝřŵŏ>gMǇƿĎúŴ
%gAŔȄǊ?ŭř>%/Müē@þPN9"="1ǚĿ:@ǔĮđ>gM
Ƹ'ŔȄǊ>$MÓ>-90®ŸƗǗǘ&KǋŞQþ#1  
 (:@fmxdmQǭ"9ǔĮđ;?Ƹ(Qþ"0Ƹũô?
Q"Ÿ/M1¿ǚƚ= pH ?&K0ĤĈưưĲǽŸƗ(Thermogravimetry-Diff
erential Thermal Analysis0  TG-DTA)Qǭ"9 Ca(OH)2 ?Ƹǽ?°Ư%gA
ŔȄǊâĀŔǽ>%/MǋŞQþ#1X Ũ«ţǋŞ(X-ray diffraction0  XRD)
&K?âĽŰ?%gA 29Si027Al ÿǋªƲ¯ģÎǡ(Nuclear Magnetic Reson
ance0  NMR)Qǭ"9ƒŢƚ=b^m0S}qmàŔȄǊ?Q"
Ÿ/M129Si NMR ?®‒6\&K C-S-H ? Mean Chain Length( MCL)%gA
None bridging Oxygen( NBO)=<?ǋŞQƔ.90Ŝř%gA,NM C-S-
H ?úŴIŭř?QƗǽƚ>ƣ/M1E40uW·Þš­ǋõ(Fourie
r-transform infrared spectroscopy0  FT-IR)%gA|ǋõǘ(Raman spectrosc
opy0  Raman)&KeQ"Ÿ/M1Čįƚ>Ū9?ŸƗǗǘ&Kƨ4â¤
&Kď?ǔĮƸ>gMŔȄǊ?>üēQƔ.0ǔĮYpe~QŌ
4>Ƙ/M1  
 ǚĿ:ǭ"4Ğ(ſ%gAƨKN4â¤@Ƅ 5 Ŀ?ƆĖƦ?(>eµǭ/
M1  
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3.2 (A  
3.2.1 *(2&0  
 fmxdm?Ēŝ>@ NMR >%"9Ž?ģŘQĺÌ/M4d Fe ǋQ¾E
="•UmfmQǭ"41  Table3.1 > X Ũ!õǋŞ(X-Ray Fluorescence0  
  XRF)Qǭ"9ŸƗ-4•Umfm?ŭřQĤ/1fmxd
m@Ŕfmƻ 60%:ȁLą24ô0vc]Ŕ'Ǟ)=ME:ȁǓ-Qþ
64160: 7 ƭ»ǈ&RǯŜ?Ń0ǌǛ`wQǭ/M4d>0Ğ(ſQr
|:Ŭƴ-9Sfm>ōƕ-9ŔȄƸQĜd4ô0z}:ƿǌ
-4ǌǛQSfm>ōƕ-4ô0ÉȆ§-0Úlb^h>9ŻƋ-41F
T-IR ; Raman ?ŸƗ>@0Ƨ?Ǘǘ:ǯŜ-4 Fig3.1 ?g#=`Ue?w
m`wQǭ"41  
 
3.2.2 =,9  
 ^UĖàǔĮđ>g69Ŝ.Mŭř?QŸƗ/M4d>fmxdm
;0^UĖàǔĮđ;-9^UĖomV~Qǭ"ǔĮƸQþ641(>Ę
PN4^UĖomV~?řǋQ Table3.2 >Ĥ/1E00ǌǛ`w?Ƹ?ď
?ƐĀ@0fmxdmƏ? Ca(OH)2 ?ǽQ TG-DTA &KŸƗ-0+? Ca ?
ǽ>/M^UĖomV~Ə? Si ?ǽQ0mol ƻ>-9 Table3.3 ?g#=ã
:Ƹ,141++: CP_series @fmxdm;^UĖomV~?Ƹ:0
CH_series @Ğ ? Ca(OH)2 ;^UĖomV~?Ƹ:!M1E40CP_NH `
 
Table3.1 Chemical composition of White cement (%) 
Sample CaO SiO2 Al2O3 MgO SO3 Na2O Fe2O3 
White 
cement 64.87 22.82 4.55 1.13 2.87 0.06 0.19 
 
 
Fig3.1 Plate sample 
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w@0fmxdm? Ca(OH)2 ;^UĖomV~'Ƹ/M;0Ħ(3.1)?
g#> NaOH 'Ŝř,NM;Æȃ,N9%L0+? NaOH ?ÓQƻ±/M4d?
Ğ(ſ:!M1E4ŪǌǛĞ(ſ?Ŕ?ǽ@ħǽƻ>-9 Water/Ca(OH)2=5 ;-9
(-41Ƹ,1Mď>@ N2 ǍƏ>%"9|]qkTj\dhQǭ
"9ȅ,1024 ġ»§/ME:ŻƋ-4124 ġ»§/Mũ>û-0ȅ
:(=)=64e?@03?EE 24 ġ»§/ME: N2 ǍƏ:ŻƋ-41+
?g#>-9ƨKN4Ğ(ſQċAǌ-0Sfm>¾ō-4ôÉO§Qþ"
Úlb^h>9ŻƋ-4ǌǛ?e?QĞ(ſ;-9(Qþ641  
 wm`w?Ƹ@wm`wQǔĮđ>¾ō,1024 ġ»Ƹ
,14ô0ǂǢQg)ŉ"9 200RH60%?ã:ŻƋ-4e?QŸƗ-41®
ã?`wQ Table3.4 >Ĥ/1++:02 Ŕĵ?ǔĮđƱƟ­>045?Ŕ
?Ó>gMŔȄƸ?ŏþeü$KNM+;&K0ƻ±?`w@Ƨ.ã:
Ŕ>¾ō,141   
 
3.2.3 14>?  
3.2.3.1 TG-DTA 14  
TG-DTA ŸƗ>g690Ğ(ſƏ? Ca(OH)2 ?ƗǽǋŞQþ641TG-DTA2000S
A Qǭ"0N2 ǍƏ:010/min0iUo}j\n: 1000E:Ńļ,141  
 
Table3.2 Sodium Silicate Solution 
Na2O•SiO2•xH2O 
Assay 52.0~57.0 % 
SiO2/Na2O 2.06~2.31 
 
Table3.3 Material proportions_powder 
Sample Cement paste 
Sodium 
silicate Ca(OH)2 NaOH 
Ca/Si 
(mol) 
Ca/Na 
(mol) 
None ○ - - - - - 
CP_2.0 ○ ○ - - 2.0 0.45 
CP_1.5 ○ ○ - - 1.5 0.60 
CP_1.0 ○ ○ - - 1.0 0.90 
CH_2.0 - ○ ○ - 2.0 0.45 
CH_1.5 - ○ ○ - 1.5 0.60 
CH_1.0 - ○ ○ - 1.0 0.90 
CP_NH ○ - - ○ - 0.90 
 
 
Table3.4 Material 
proportions_plate 
Sample Water Sodium silicate 
PL_W ○ 0% 
PL_No.1 ○ 23% 
PL_No.2 ○ 30% 
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3.2.3.2 XRD 14  
 XRD ŸƗ>gL®$Ǌ%gAŔȄǊ?ŜřƐŚQ°Ư-41XRD ?ŸƗ@ǁ
ĵǊħ;-9S}o(α-Al2O3)Q´: 5wt%Ɯ¢-9þ641XRD ŸƗ>@0
Rigaku ? Smart Lab X ŨűƋQǭ"0X Ũì CuKα0¹ƞ 40kV0¹ƞǸ 30mA0
Ųĉƺ 3~90°/2θ0Ȃâd[n0d[d‒n 1°/min0`w]
»² 0.02°/step ?ã:ŸƗ-41  
 
3.2.3.3 NMR 14  
 29Si MAS NMR ?ŸƗ>@ JEOL ? ECA-500(11.75T)QĘǭ-0"ŸĭƳ 99.4
MHz :þ6414mmφ ?ĞǼ¹Qǭ"0Spinning speed 10kHz0Pulse width 3.6µs0
relaxation delay 30s0scans 2048 «:þ"0NMR dx\mQƨ41  
 27Al MAS NMR ?ŸƗ>@ JEOL ? ECA-800(18.8T)QĘǭ-0"ŸĭƳ 208.6
MHz :þ6413.8mmφ ?ĞǼ¹Qǭ"0Spinning speed 20kHz0Pulse width 0.9µ
s0relaxation delay 0.5s0scans 1280 «:þ"0NMR dx\mQƨ41  
 /C9? NMR lh@ JEOL ŝ? Delta Software QĘǭ-9 Lorentz %&K d
econvolution %gA‒\ǢŠ?ŠĕQþ641  
 
3.2.3.4 FT-IR 14  
 FT-IR ŸƗ>@0JASCO FT/IR-6100 ?űƋQǭ"0ŸƗ>@ ATR nQĘǭ
-41ŸƗƺ@  7800~400cm-10ǋªƲ@ 4.0cm-10Šĕ«@ŋ?ǁĵǑĈ'
ŷ/ME:ÛLǓ/ĥƦŤƗ;-41E40ǋŞũ>v\:ŸƗ-0ǋŞô
®Ğ(ſ?dx\m&Kv\ġ?dx\mQsj\]Vn	Ǵ-41  
 
3.2.3.5 Raman 14  
 Raman ŸƗ>@ Nanophoton Ī? RAMAN-11 ?a|'ƿÒQĘǭ-
41
ÄƳƑ@ 532.07nm0ŸƗƺ@ 10074100cm-1 ;-0"0N?ǩƾĞ(>%
"90ĞǼ?ÛǓ-ŸƗ>gL!õ?Ó'ŷ/M+;Q°Ư-9ƨ4dx\m
QǋŞâ¤;-9ǭ"41  
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3.3 +!  
3.3.1 pH <  
 ǔĮ>gM pH ?ǒQ Table3.5 >Ĥ/1None :@ pH 12.64 >=69"M'0
ǔĮQþ=64`w:@ pH 'Ūƹƚ>ë69"M+;'°Ư,N41+N@0
ǔĮđ;-9ƮN4^UĖomV~? pH ' 11.83 >=69"M+;;;e>0
ǔĮđ; Ca(OH)2 'Ƹ-9 Ca(OH)2 'ë69"M+;'ê5;ü$KNM1  
 
 
3.3.2 TG-DTA 
3.3.2.1 Ca(OH)24B  
 Table3.6 >®`w?ŔǽëĻǽ;Ħ(3.2)>gM Ca(OH)2 ?Ɨǽâ¤QĤ/1
++:0Ca(OH)2 ?Ɨǽ@ 440 &K 500 E:?ĲǽëĻ&Káĕ,N41E40
Fig3.4 >ƨ4®`wƏ? Ca(OH)2 ?¾Ǩǽ;-90^UĖomV~;Ƹ,
19"="`w:!M None Ə? Ca(OH)2 ?¾ǨǽQ 100%;Ƌ"4;(?®`
w?ėŻǽQĤ/1  
 *"($+)# = 67'8ℎ:	;<==	(%)×*" $+ # ∙ 1@<;	[8 @<;]+#$ ∙ 1@<;	[8 @<;]   (3.2) 
 
 E00CP_series %gA CH_series ? Ca(OH)2 'ë69"M+;&K0^UĖom
V~;Ƹ-9"M+;'°Ư,NM1Fig3.2 QçM; CP_NH ?ńĀ0Ƹũ
gLǦ  10%ƙƟ Ca(OH)2 ?ǽ'ų¢-9"MÝ÷Qǂ-9"M'0+N@ Na+>g
69fmx6dmƏ? C-S-H IS}q6màŔ  ȄǊ&K Ca2+UX'Ǭĳ
,N9"Me?;ü$KNM21CP_series %gA CH_series ?ńĀ0^UĖom
V~?ąƮǽ'ž"D<Ƹ-ľƼ,NM Ca(OH)2 ?ǽ'ų¢-9"MÝ÷Qǂ-
9"M'0CP_series `w'Ǧ 38%752%0CH_series `w'Ǧ 69%7100%
Table3.5 pH 
Sample pH 
None 12.64 
CP_2.0 12.35 
CP_1.5 12.11 
CP_1.0 12.23 
Sodium silicate 11.83 
 
Ƅ 3 Ŀ ^UĖàǂǢ¾ōđ>gMfmûſ?³ƚǒ>¼/Mäƣ 
 
 52 
;03?ľƼǽ>"'íN41+N@ CP_series `w>%"9@0fm
x6dmƏ? Ca(OH)2 ;^UĖomV~'ƅ>Ƹ-9"M5*:@=)03N
­?Ǌħe^UĖomV~;?Ƹ>¼ǫ-9"M£ƲŘ'œŸ,NM1E40
CP_series ?ńĀ0^UĖomV~?ơƮ>g69Ō-) C-S-H 'Ŝř,NMď
>0ǔĮđ&K Na+'Ŝř,N9-E#Ó>gL0CP_NH ?g#>/:>!MŔ
ȄǊ&K  Ca2+UX?Ǭĳ'ŵ,NM£ƲŘe!M1CP_series ; CH_series ? Ca
(OH)2 ľƼǽ?ƻ±&KƅĶ>ü$9FM;0Fig3.2 ?]u>Ĥ-4g#>(estim
ate of released Ca)fmx6dm?®Ǌħ&K Ca2+'Ǭĳ,N9%L03?Ǭ
ĳǽ@ǔĮđ?ƱƟ'ÿ"D<ž)=L+;'°Ư,NM1Ń?â¤Q Fig3.2 ?
>ǣĦŒ;-9Ĥ-0Ĩď>^UĖomV~;?Ƹ>¼Ü/M Ca2+'Ƹũ
TG-DTA &Kƨ4 Ca(OH)2 ¾Ǩǽ>ƻC9ų¢-9"M+;'ü$KNM1  
 
3.3.2.2 $/ Na 86  
 ǔĮđ?ƱƟ>gM Na ?Ó>7"90Fig3.3 >³âĀŔ[mg/g]ƢL? Binde
r(fmx6dm or Ca(OH)2+^UĖomV~ )?ƻǶQĤ/1++:@0TG
ÔŨ: 100 &K 1000 E:?ëĻŔǽQ³âĀŔ;-90Ca(OH) ǋ?ëĻŔ
ǽ@ĺ"41Fig3.4 :@0Fig3.2 >Ĥ-4 CP_series ; CH_series ?ƻ±&Kƨ4Ǭ
ĳ Ca2+ƢL?ơƮ Na+?ƻǶ;³âĀŔƢL? Binder ;?¼ÜQĤ/1   
 E00Fig3.3 : CP ; CH_series ?³âĀŔƢL Binder ƻ@ None >ƻC9ë6
9"M+;'°Ư,NM1CP_1.5 :Ļ-ų¢-9"M+;'°Ư,NM'0Fig3.4
?Ǭĳ Ca2+!4L?ơƮ Na+ƻ;?¼ÜQçM;0ǋŞ-4`wŖ@Ļ="'0
Ɨ>ƻǿ-9"M+;'°Ư,NM1+N@0Na+?Ó:fmx6dm?
Table3.6 Quantification of Ca(OH)2 
Sample 
440~500 
weight loss(%) 
Quantification of 
Ca(OH)2 (%) 
Quantification of 
Ca(OH)2 (g) 
None 4.45 18.29 9.14 
CP_2.0 2.74 11.26 6.29 
CP_1.5 2.51 10.32 5.96 
CP_1.0 1.90 7.81 4.82 
CH_2.0 5.86 24.08 3.82 
CH_1.5 2.37 9.74 1.73 
CH_1.0 0.00 0.00 0.00 
CP_NH 5.40 20.18 10.09 
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®ŔȄǊ&K Ca2+'Ǭĳ,N0Ǭĳ,N4 Ca2+'^UĖomV~;Ƹ-9ƻ±
ƚ>Ɩ"âĀŔǽ?Ō-"ŔȄǊ'Ŝř,N9"M£ƲŘ'ü$KNM1E40I.
G. Lodeiro3%gA Nocuń-Wczelik4@ Na ?ơƮ>gM N-A-S-H %gA Na-C-S-H ?
úŴƚ=ǒ>Æȃ-9"M1++:Æȃ-9"M§ƙ:@âĀŔ?ëĻ'üǺ,
NM+;':(M'0^UĖomV~>gMŔȄǊ?ńĀ@ TG-DTA &K?ǋŞ
5*:@ťǠ'ŹL=)0Ɠ¢æË%gAǋŞ'ǀǮ;ü$KNM1  
 
Fig3.2 Quantification of Ca(OH)2 and Schematic of repair reaction_TG-DTA 
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3.3.3 XRD 
 XRD ?ŸƗâ¤Q Fig3.5 %gA Fig3.6 >Ĥ/1  
 E00CP ; CH_series ?â¤>%"90Portlandite(Ca(OH)2, 2 18, ),
 , , 	 , 	 	)?‒6\'ëĻ-9"M'0CP_NH :@ų¢-90T
G-DTA ?â¤;Ƨ=Ý÷Ř'°Ư,N41E40Ž?ǎå:eÆȃ,N9"M
Āř C-S-H I Tobermorite ;-9íNMâĽŘ?ÿ"YbV~b^6mŔȄǊ
?‒6\ 2, 4, 5'äĳ,N9"M(2, 6.6, 29.3, 49.7)1+?;+&K0¿
ǚƚ>ǔĮđ' Ca(OH)2 ;Ƹ-9 C-S-H QŜř/M+;'ü$KNM1-&-0
C-S-H ?Ŝř­> CP_1.0~2.0 %gA CP_NH ?ńĀ0^UĖomV~%gA N
aOH ?ąƮ>gM AFm Ű(Ca4Al2(SO4)(OH)1236H2O, 2,  ),  )?‒6
\'ëĻ-9"M+;'°Ư,NM1Na+>gM AFm ?ëĻ>7"9@0Copeland
 
Fig3.3 Chemical bound water of samples 
 
Fig3.4 Relationship between chemical bound water and CaO/Na2O 
 
Ƅ 3 Ŀ ^UĖàǂǢ¾ōđ>gMfmûſ?³ƚǒ>¼/Mäƣ 
 55 
6, 7=<>g69ũ&Kg)Æȃ,N9(9%L0Na ?ơƮ>g69 Al àǊħ?
úŴ'ǒ/M'0ǚæË:e3?Ý÷Ř'°Ư,N4;ü$KNM1-&-0ë
64 AFm ? Al '<?g#=úŴIŇƂ>ǒ-9"M&@0XRD ?â¤5*:
@ťǠ'Ąƫ:!M1E40CP_NH :@ CaSO42H2O ?‒6\'Ļ-äĳ,N9
"M'0Ž? CP_series :@äĳ,N="+;&K0AFm ?úŴǒ>g69 CaS
O4 '¼ǫ-9"MƽĽħ?Ŝř'ǩů,NM'0À?ǎå&KŜř,NMǊħ
>7"9?üē@ NMR ?â¤QƤE$9Ģ? 3.3.4.1 :ťǠ/M1  
 
Fig3.5 XRD patterns_NoneCP_series 
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 E40W. Nocuń-Wczelik4 >gM;0Na+'ŻĐ-9"M¸Ï:0Na+' C-S-H >
ƮLăFúŴƚǒQ  e4K/£ƲŘ'ǕĂ,N9"M1++:0CH_series ? X
RD â¤:@0NaCaHSiO4(2, , 	>!4M‒6\'ƃ()=69"M
Ǘ:0CP_series ? XRD %gAĢ>ŀ¨/M NMR ?â¤>%"9@äĳ,N9
"="1À?ǾğæË>%"9e CP_series ?g#=ņã>%"9 NaCaHSiO4 '
Ŝř/M+;@ǕĂ,N9"=" 81+?+;&K0CP_series :@^UĖomV
~'¾Ǩ/M Ca(OH)2 ?F;Ƹ/M5*:@=)0ǐ?Ǌħ;?ŰóĒǭ'Ä+
69"M+;'ĤĆ,NM1  
 
3.3.4 NMR 
3.3.4.1 27Al NMR 
 27Al MAS NMR ?ŸƗâ¤%gA deconvolution Qþ64®‒6\>7"9
Table3.70Fig3.7 %gA Fig3.8 >Ĥ/1  
 27Al MAS NMR ? chemical shift :050~100ppm @ tetrahedral(4 Ƶ0 Al
[4])030~40ppm @ pentahedral(5 Ƶ0 Al[5])0-10~20ppm @ octahedral(6 Ƶ0
 
Fig3.6 XRD patterns_CH_Series 
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 Al[6])QĠ7úŴ?ÎǡQǂ/1E00None ? Al[6]ƺ?‒6\@ monosulf
ate(3CaO3Al2O33CaSO4312H2O0 AFm);-9ƉKN9"M 9.7ppm0tetracalc
ium aluminate hydrate(3CaO3Al2O33Ca(OH)23xH2O0 C4AHx)? 10.2ppm %g
A ettringite(3CaO3Al2O333CaSO4332H2O0 AFt)? 12.4ppm ?‒6\'°Ư,
NM9 101E404.7ppm ?‒6\@ƽĽħ?S}q6màŔȄǊ;-90third al
uminate hydrate( TAH);ƉKN9"M 111Al(OH)63-0OxAl(OH)6-x(3+x)-QĠ7ú
ŴQĤ-9"M+;'ǩů,N9"M'0úŴI³Ħ>7"9Ǡ°>ƉKN9@
"="1Al[5]%gA Al[6]?ƺ:@ 35.9ppm070.5ppm :Ɩ"‒6\'°Ư,N
Table3.7 27Al NMR chemical shift and relative intensities 
 Al[4] 
 Al[4]a (ppm) Al[4]a (%) Al[4]b (ppm) Al[4]b (%) 
None - - 70.5 11.7 
CP_2.0 74.2 10.6 69.7 16.8 
CP_1.5 74.1 14.7 69.2 19.4 
CP_1.0 74.4 22.1 69.4 24.5 
CP_NH 74.8 24.9 71.1 22.1 
 
 Al[5] 
 Al[5]a (ppm) Al[5]a (%) 
None 35.9 6.6 
CP_2.0 35.8 6.7 
CP_1.5 34.8 8.8 
CP_1.0 34.6 13.5 
CP_NH - - 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]a 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Al[6]d 
(ppm) 
Al[6]d 
(%) 
Al[6]e 
(ppm) 
Al[6]e 
(%) 
None - - 12.4 3.3 10.2 21.7 9.7 38.8 4.6 17.9 
CP_2.0   - - 10.4 12.9 9.7 39.2 4.6 11.8 
CP_1.5 14.9 8.1 - - 11.6 2.6 9.6 31.3 4.4 15.0 
CP_1.0 15.0 9.6 - - 11.1 4.7 9.7 15.2 4.5 10.5 
CP_NH - - 12.3 2.7 - - 9.9 48.0 4.9 2.4 
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M1Ǘ0ǔĮQþ=64 CP_series :@ǔĮđ?ƱƟ'ÿ"D< Al[6]? AFm ?
‒6\'ë69"M+;'°Ư,N0XRD ?â¤;ƌ-9"M+;'°Ư,N
 
Fig3.7 27Al MAS NMR chemical shift 
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41E40TAH ?‒6\eĻ-ëĻ-9"M'0TAH @ƹƚ> Ca/Si ƻ'Ɩ"D
<ëĻ-9"M;ƉKN9%L0ǔĮđ? Si ?ơƮ>g69+?Ý÷Ř'Ä+6
9"M;ü$KNM 111E40CP_2.0 :@ Al[6]ƺ:ë64 Al @ Al[4]ƺ? 69.
7ppm %gA 74.2ppm : 4 Ǣſ;-9íN9"M+;'°Ư,NM1-&-0CP_1.
5 %gA CP_1.0 :@0Al[4]B?Ʀ;;e> Al[6]ƺ? 15ppm Ǆ×?‒6\'í
N9"M'0+N@g)ƉKN9"M AFt ?‒6\;@ī¶?"'!M 91,K
>0XRD ŸƗâ¤? CP_1.0 ; CP_1.5 >%"9 AFt ?‒6\@äĳ,N9%K00
^UĖomV~?ơƮ>g69 CP_1.5 Ń?ƱƟ:@ Al[6]?ƽĽħ?S}q
6màŔȄǊ'Ŝř-9"M£ƲŘ'ĤĆ,NM1+?ƽĽħ?Ǌħ>7"90F
A(Fly Ash)> Al àǊħ(mullite, 3Al2O3•2SiO2)%gAşýIǹĖomV~"N4
ŇƂ: Fig3.9 >Ĥ-4g#> CaSO4 ? XRD ‒6\'=)=L0ƽĽħ?YbV
~S}q6m;-9°Ư,N9+;'ǕĂ,N9%L0+?æË:@ Fig3.10 >
Ĥ-4g#> SEM ĩŎ:ŐŇ?ŜřǊ':(9"M+;&K0WmZUm?
g#=e?'Õd9Ď&"ŇƂ:Ŝř,NM;Æȃ-9"M121ǚæË?ńĀ:e  
+?g#=+;'ċí,N9"9ŭř;-9WmZUm;ğ4ƽĽħ?Yb
V~S}q6m' 15ppm :äĳ,N0XRD ?â¤: CaSO4 ?‒6\'äĳ,N
9="+;@+?ƽĽħ?YbV~S}q6m;-9âĀ,N9"M;ü$K
 
Fig3.8 27Al MAS NMR chemical shift_None and CP_series 
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NM115ppm ­>e Al[5]ƺ? 35ppm 'Ļ-ų$9"M'0Al[5]ƺ?‒6\
@ƹƚ> C-S-H gel ? interlayer Ǉǋ>ōƥ/M+;'ǕĂ,N9"M 9, 101CP_
1.5 ; CP_1.0 :@ Al[4]ƺ?‒6\'ÿ)=69"M+;'°Ư,N9%L0CP
_NH :e+?Ý÷Ř@°Ư,NM1+?+;&K0Al[4]ƺ:?Ƌ·@ǔĮđ?
Na řǋ'ǝŢ>¼ǫ-9"M;ü$KNM1  
 Al[4]?‒6\>¼-9@0G.L. Kalousek13>g69 C-S-H ? tetrahedral úŴQĠ
7 Si(Si[4]); Al[4]?Ƌ·Ƹ'Ä+M+;'ǠK&>,N9%L0ž)?ǎå: C
-S-H :? Al ?ǥ´>¼/MæË>%"9140ŔȄ§ƙ? Al[4]ƺ?úŴ@ C-S-H
? Si[4];Ƌ·/M+;'ǕĂ,N9"M1ǚæË?ŸƗ>%"9e Al[6]ƺ?‒  
6\?ëĻ;;e>0ëĻ-4 Al ' Al[4]ƺ?‒6\;-9Űƀƚ>ƃ()ų¢
-9"M1ǚæË:@ 2 ĬǾ? Al[4]?‒6\'°Ư,N9%L0C-S-H >Ƌ·,
NMńĸ' 2 ¥ĸ>=M+;'ǩů,NM1+N>7"9@ 29Si NMR =<Ɠ¢ǋ
 
Fig3.9 XRD patterns of original fly ash and geopolymers with admixtures12 
 
 
Fig3.10 Morphology of fly ash geopolymer with admixture_(c) CaSO4 (d) Na2SO412 
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Ş'ǀǮ;ü$KNM1Ń?â¤&K Fig3.11 ?g#> 27Al NMR ? Al[6]&KǬ
ĳ-4 Al ' Al[4]BƦ-0XRD :e°Ư,N4ëĻ-4 AFm ? Al @04 Ǣſ;
-9 C-S-H ?Ǘ>Ƌ·-9"M+;'ǩů,NM1^UĖomV~?ơƮ>g6
9Ō4> C-S-H 'Ŝř,NM;;e>0ǔĮđ? Na řǋ>g69 AFm I C4AHx 
&KǬĳ/M Al ' Al[6]úŴ&K Al[4]úŴBǒ-0Ō4>Ŝř,NM C-S-H >
@ Si[4]; Al[4]?Ƌ·'Ŝ.9"M£ƲŘ'ü$KNM1  
 E40++:ƨ4®‒6\?ƻǶ;`wĒŝ>ǳǭ-4•Umfm?
Al2O3 ?¾Ǩǽ&K0®Ƶ>gM Al ?Ɨǽ%gAĦ(3.3)&K? ettringite %gA m
onosulfate ?Ɨǽâ¤Q Table3.8 >Ĥ/1ettringite @ None : 1.84%äĳ,N9"M
 
Fig3.11 Fraction of Al resonance 
 
Table3.8 Quantification of Aluminate Hydrates 
 Al[4] Al[5] Al[6]   
 
Al 
(mol, 10-2) 
Al 
(mol, 10-2) 
Al 
(mol, 10-2) 
Ettringite  
(%) 
Monosulfate 
(%) 
None 0.52 0.30 3.65 1.84 10.23 
CP_2.0 1.23 0.28 2.96 - 9.65 
CP_1.5 1.52 0.39 2.55 - 8.25 
CP_1.0 2.08 0.60 1.78 - 4.00 
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'0ǔĮQþ=64 CP_series :@‒6\'äĳ,N9"="1E40monosulfate
?ńĀ0None ? 10.23%&K CP_1.0 ? 4.00%E:ë69"M1   
 CD → ED×6:FGHIJ@FGHIJ ×@D  (3.3) 
x: ettringite or monosulfate 
Ax: mass fraction of x (wt%) 
Ix: intensities of x 
wtAl2O3: assay of Al2O3 (wt%) 
mAl2O3: molecular weight of Al2O3 (g/mol) 
mx: molecular weight of x (g/mol) 
 
 
3.3.4.2 29Si NMR 
 Table3.90Fig3.12 %gA Fig3.13 > 29Si MAS NMR ?ŸƗâ¤%gA deconvolut
ion Qþ64®‒6\QĤ/1-727-75ppm Ǆ×? C3S ; C2S ?‒6\%gA-757-
90ppm Ǆ×? tetrahedral úŴ? Q17Q2 ‒6\'äĳ,N9"M15, 16, 171  
 E00None :@-71.28ppm ? Q0(C2S)%gA-70.35ppm0-73.31ppm ? Q0(C3S)?‒
6\'°Ư,NM1E40-79.0ppm ? Q10-81.46ppm ? Q2P(1Al)0-84.07ppm ? Q2
B %gA-85.43ppm ? Q2P ‒6\'Ƿ99%L0ƹƚ= C-S-H úŴQç$9"M1
ǔĮQþ=64 CP_series :e Q0 ?‒6\'°Ư,N9"M'0None gLĻ-ë
Ļ-9"M+;'°Ư,NM1ǔĮđ?ƱƟ'ÿ"D< Q0 ‒6\?ëĻ'ž)=
M+;&K0ǔĮđ;?Ƹ%gAŔ>gM\Y6?ŔȄƸ'Ä+69"M
£ƲŘ'ü$KNM1E40Q1 ?‒6\'ǔĮđ?ƱƟ>g695R5Rÿ)=
69"M'0Q1 >ƻC9 Q2 ƺ?‒6\@=MÝ÷Ř'°Ư,NM1Fig3.13 >
Ĥ/®‒6\?ƻ±QçM;0ǔĮQþ=64`w?Ǘ' Q2 ƺ‒6\?Ŧ
ƀƈ@ų$9"M'0Ūſ C-S-H :? Q1 ; Q2 ?ƻǶQü$9FM;ǔĮđ?ƱƟ
'ÿ"D<Űƀƚ= Q2 ?ƻǶ@ë69"M1+?g#=Űƀƚ=ƻǶ?ǒ&K
C-S-H ?úŴǒ'ǩů,NM1,K>0None :ç$M Q1 ?‒6\;ƻC9 CP_s
eries :@Ļ-ÿ"ƊƝ(-77ppm7-78ppm Ǆ×):ù)ÿ"‒6\'ǂN9%L0
ƹƚ=fmx6dm? Q1 ‒6\;@ĭL?úŴ'Ļ-ǒ-9"M+;I Q1
­?Ō-"‒6\;Ĳ=69"M+;'ǩů,N0ǔĮ>g69 C-S-H ?úŴ'
ǒP69"M£ƲŘ'ü$KNM1  
 27Al NMR :eÆȃ-4 Al ęǢſ; Si ęǢſ?Ƌ·>ƀ-9 Fig3.14 >Ĥ/ C-S
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-H I Tobermorite ? dreierketten úŴ 18, 19; 29Si NMR ?‒6\Qƻ±-='Kü$  
9FM;0ƹƚ> dreierketten úŴ: Al[4]@ Ca-O UŮ>âĀ-9"MƬ7
? Si[4]QȂâ/M bridging tetrahedral ? Q2B ? Si[4];?Ƌ·Ƹ'ƷŜ/M+;  
'ƉKN9"M201Q2B ;?Ƌ·>g690  Ca-O UŮ>âĀ-9"40é5-8
5ppm Ǆ×: Q2P ;-9íN4‒6\@ Al '7âĀ-9"M Q2P(1Al)‒6\>=
L029Si NMR ?-81ppm Ǆ×:äĳ,NM1-&-027Al NMR ?‒6\:°Ư,
N4g#>ǚæË?`w@ C-S-H > Al 'Ƌ·/Mńĸ'Ƭ¥ĸ>=M;ü$
KN9%L0ƹƚ=Ƌ·gLƋ·,NM Al ?ǽ'ų$9"M+;'ǩů,NM1
,K>0C-S-H :? Si[4]; Al[4]?Ƌ·ƻǶ'ų$M+;&K C-S-H ?úŴǒ%
gA C-S-H :?®Ǌħ?ǏÖƚ=ĊƑ,?ǒ'ǩů,N0ƁÈŘ>ÓQǫ$M
£ƲŘ'ü$KNM1+? Al[4]; Si[4]?Ƌ·>¼-9@Ž?ŸƗâ¤;?ƻ±Q
Ɣ.='K0ǚĿ?üē:ł-)ǋŞ/M1  
 E40J. Skibsted21%gAż22@ 29Si NMR ? Q0 ‒6\;`w? SiO2 ¾Ǩ
ƻǶQǭ"4Ħ(3.4)?g#= C3S ; C2S ?ƗǽǗǘQǕĂ-9%L0ŃÂ>Æȃ-
4ǔĮđ?ƱƟ>gM C3S ; C2S ?ëĻQ°&dM4d>ƗǽáĕQþ#1  
  
Table3.9 29Si NMR chemical shift and relative intensities 
 Q0 
 Q0(C3S)a 
(ppm) 
Q0(C3S)a 
(%) 
Q0(C2S) 
(ppm) 
Q0(C2S) 
(%) 
Q0(C3S)b 
(ppm) 
Q0(C3S)b 
(%) 
None -70.4 2.3 -71.3 16.6 -73.3 6.8 
CP_2.0 -69.9 3.3 -70.9 11.7 -72.9 1.8 
CP_1.5 -70.0 2.9 -70.9 11.3 -72.8 0.8 
CP_1.0 -69.7 2.9 -70.9 9.7 -73.3 0.4 
CP_NH - - -70.9 6.6 - - 
 
 Q1~Q2 
 Q1 
(ppm) 
Q1 
(%) 
Q2(1Al) 
(ppm) 
Q2(1Al) 
(%) 
Q2B 
(ppm) 
Q2B 
(%) 
Q2P 
(ppm) 
Q2P 
(%) 
None -79.0 30.7 -81.5 14.8 -84.1 14.8 -85.4 14.1 
CP_2.0 -78.0 36.5 -81.0 19.4 -83.6 14.2 -85.0 13.1 
CP_1.5 -78.1 40.3 -81.1 18.1 -83.7 17.3 -85.1 9.3 
CP_1.0 -78.0 46.0 -81.0 14.3 -83.5 16.6 -85.0 10.1 
CP_NH -78.1 52.6 -81.0 9.5 -83.3 14.2 -85.0 17.4 
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Fig3.12 29Si MAS NMR chemical shift 
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Fig3.13 29Si MAS NMR chemical shift_None and CP_series 
 
 
Fig3.14 Schematic representation of a Single layer in the crystal structure for tobermorite 
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 &D → ED×6:KLIH@KLIH ×@D  (3.4) 
x: C3S or C2S 
Sx: mass fraction of x (wt%) 
Ix: intensities of x 
wtSiO2: assay of SiO2 (wt%) 
mSiO2: molecular weight of SiO2 (g/mol) 
mx: molecular weight of x (g/mol) 
 
 
 
 Ħ&K? CP_series ? C3S ; C2S ?Ɨǽâ¤Q Fig3.15 >Ĥ/1Ɨǽ?â¤0
Ūƹƚ>ǔĮđ?ǽ'ž)=M;ë69"MÝ÷Ř'ç$M1-&-0C2S @ Non
e ? 11%&K CP_1.0 ? 9%E:Ǧ 2%ë69"M+;'°Ư,NM'03?Ǘ0C
3S ?ńĀ None ? 7.5%&K CP_1.0 :@ 3.75%E:Ǧ 4%?ëĻ'°Ư,NM1M.D.
 Andersen20 >gM; Na+?ŻĐ@ C3S ; C2S ?ľƼQŵŏ,1M'0C2S ?ńĀ0
Ƹ'ŵŏ,NMġÁ' C3S gLƍ"+;QǕĂ-9"M1ǚæË:eǔĮđ? N
a řǋ>g69 C3S I C2S ?ľƼ'ŵŏ,N9%L03?ƸźƟ@ǔĮđ?ƱƟ  
'ÿ"D<ź)=M+;'°Ư,NM1E40CP_NH :e+?Ý÷Ř'°Ĩ>°
Ư,N0ǭ-4Æȃ>ǆĀ/Me?;ü$KNM1  
 
Fig3.15 Quantification of C3S and C2S 
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3.3.5 FT-IR 
 Table3.10 %gA Fig3.16 > FT-IR ?â¤QĤ/ 3, 23, 241^UĖomV~QƮN
9=" PL_W ;ƮN4 PL_No.1 %gA PL_No.2 :Ļ-=MÝ÷Ř'°Ư,N41
E00ŪĞèſ: 1410~1378cm-1 ƺ? C-O(CO32-)? asymmetric stretch ? vibratio
n '°Ư,NM1w6m`w?ǂǢ:? CaCO3 &KÄ-9"M;ü$KN
M1-&-03?Ð,>ƀ-9@ PL_W %gA PL_No.2 ?D#'Ð)=69%L0
873cm-1 ×ĸ? C-O(CO32-)? aymmetric stretch ? vibration e°Ư,N90Ŝřǽ'
ž"+;'ǩů,NM1E40ǔĮđQƮN4 PL_No.1 %gA PL_No.2 :@ 960~9
80cm-1 ? Si-O(C-S-H, Q2)? symmetric stretch %gA 778~781cm-1 ? Si-O(C-S-H, Q
1)? symmetric stretch vibration ' PL_W >ƻC9Ð)=69%L0ǔĮđ>gMǂ
Ǣ:? C-S-H àŔȄǊ?Ŝř'°Ư,NM1E40ŪĞèſ:äĳ,NM 1245~11
20cm-1 ƺ? vibration @ Si-O-Si ? asymmetric stretch 'ǩů,NM1ǔĮđ?ƱƟ
>gMǂǢ:? C-O âĀ'=M+;>7"9@Ƅ 4 Ŀ:ŀ¨/MŵŏƆĖ,1
4`wQǭ"9e6;ł-"äƣ'ǀǮ;ü$KNM1  
 
3.3.6 Raman Spectroscopy 
 Table3.11 %gA Fig3.17 > Raman dx\mQĤ/25, 261E00^UĖomV
~QƮN9=" PL_W :@ CaCO3 ? group(161cm-1, 287cm-1, 720cm-1, 1096cm-1)?
‒6\'ÿ)°Ư,N9%L0`wǂǢ?ƆĖ'Ļ-°Ư,NM1E4053
4cm-1 ? O-Si-O bend %gA 664cm-1 ? O-Si-O Symmetric bend 'Ļ-äĳ,N9%
L0865cm-1 %gA 991cm-1 ? Si-O Symmetric stretch tetrahedral e°Ư,NM1^
Table3.10 Wavenumber and assignments in FT-IR of Plate samples 
Wavenumber(cm-1)  
PL_W PL_No.1 PL_No.2 Assignment 
662 662 662 Si-O-Si 
713 - 713 v-symmetric stretch C-O (CO32-) 
784 781 778 v-symmetric stretch Si-O (C-S-H) Q1 
872 - 873 v-symmetric stretch C-O (CO32-) 
980 974 960 v-symmetric stretch Si-O (C-S-H) Q2 
1122~ 1140~ 1140~ 
v3-asymmetric stretch Si-O-Si? 
1241 1245 1245 
1378 1410 1410 v3-asymmetric stretch C-O (CO32-) 
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UĖomV~QƮN4 PL_No.1 %gA PL_No.2 :@0Ɩ" Frequency :°Ư,N
M CaCO3 ?‒6\(161cm-1, 287cm-1)'ë69"M1+?‒6\>7"9@0CaCO 
3 ¼Ü5*:@=)0Ca(OH)2 ;¼Ü-9"M+;'Æȃ-9%L 23, 270ǔĮđ;?
Ƹ>gM Ca(OH)2 ?ëĻQü$KNM1-&-0ǔĮđ?ƱƟ'ÿ" PL_2w : 2
87cm-1 ?dx\m'ų$9"M+;@0Ca(OH)2 gL@ CaCO3 ;e6;e¼Ü'
!M+;'ǩů,NM1Ūƹƚ>0PL_W ;ƻC9 PL_No.1 %gA PL_No.2 :@ 6
00~1000cm-1 ƺ? Si-O ¼Ü?dx\m'ų$9"M1Ʃ>0PL_No.2 @ 673cm-
1 ? Si-O-Si Symmetric bend0865cm-1 %gA 1077cm-1 ? Si-O Symmetric stretch ' P
L_No.1 gLÿ)=69%L0ǔĮđ?ƱƟ'ÿ"D<ǂǢ:? C-S-H àŔȄǊ?
Ŝř'ž)=M+;'ǩů,NM1-&-0Si-O ¼Ü?dx\m­>01096c
m-1 I 287cm-1 ?dx\meų$9"M+;&K0ǔĮđ?ƱƟ>g69ǂǢ:
?ƆĖǊħ'ų$9"M£ƲŘ'ü$KNM1PL_No.2 :°Ư,NM 1100cm-1 ×
 
Fig3.16 FT-IR spectra of Plate sample 
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ĸ? C-O Symmetric stretch >7"90Trona I Natrite =<? Na řǋ'¼Ü-9"
M£ƲŘ'!M' 280ŵŏƆĖĨè=<?Ɠ¢æË'ǀǮ;ü$KNM1  
  
Table3.11 Frequency ranges and assignments in Raman spectra of Plate samples  
Frequency(cm-1)  
PL_W PL_No.1 PL_No.2 Assignment 
161 - 157 C-O Lattice-type vibrations of carbonate group 
  (Involve Ca-O polyhedral) 287 287 283 
- - 365 Si-O Lattice-type vibration? 
- 442 442 Si-O-Si bend 
534 534 537 Internal deformation of O-Si-O bend 
664 664 673 Si-O-Si symmetric bend 
720 - 720 C-O In-plane bend of carbonate group 
865 861 859 Si-O Symmetric stretch 
- 924 923 Si-O Symmetric stretch of Q1 
991 987 991 Si-O Symmetric stretch of Q2 
- 1077 1077 Si-O Symmetric stretch of Q3 
1096 1086 1086 C-O Symmetric stretch of carbonate group 
    
 
Fig3.17 Raman spectra of Plate samples 
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3.4 #'  
3.4.1 C-S-H  Al/Si 
 29Si NMR ?®‒6\&K0C-S-H :? Al/Si ?ƻǶQÊdM+;':(M 291  
 C; &' 	":<@	M":'< = 1 2N#(1C;)NO + N# + N#(1C;)  (3.5) 
 
  E403.3.4 :@ 27Al0  29Si NMR :?‒6\?ƻǶ;•Umfm? Al2O
3 %gA SiO2 ?¾Ǩǽ&KƗǽQþ=641++:027Al NMR ? Al[4]? Al ; 29S
i NMR ? Q1~Q2 ?‒6\Q C-S-H :? Al %gA Si 5;-90Al/Si ?ƻǶQÊd
M+;e:(M1®Ħ&K? Al/Si Q Table3.120Fig3.18 >Ĥ/1  
 E00Ħ(3.5)&K?â¤:@ None ? Al/Si ' 10.2610-2 :0CP_2.0 :@ 11.62
10-2 :0ų¢-9"M+;'°Ư,NM1None ;ƻC90ơƮ,NM^UĖom
V~&K?Ƹ%gA C3S0C2S ?ŔȄƸ>g69 Si 'ų$M'03NgL Al
'Ƌ·,NMǽ'ų$9"M;ü$KNM1-&-0CP_1.5 %gA CP_1.0 :@ų
$4 Al/Si ?ƻǶ' 10.

10-2 %gA 8.2010-2 >ë69"M+;'°Ư,NM1
+N@ CP_1.5 %gA CP_1.0 ? 27Al NMR :@0Al[4]?‒6\'ų¢-9"M'0
3N;;e>ơƮ,NM Si ?ǽež)0E40C3S0C2S ?Ɨǽâ¤&Kü$9F
M;  C3S0C2S ?ŔȄƸ'ŵŏ,N9"M4d0Al/Si 'ëĻ-9"M£ƲŘ'
ü$KNM1  
 -&-0++: Al/Si >7"9Čķ? Al2O3 %gA SiO2 ?¾Ǩǽ&K?â¤QF
M;Ħ(3.5)&K?â¤;@=MÝ÷Ř'°Ư,NM1None ? 3.9810-2 ? Al/Si
@ǔĮđ?ƱƟ>g69 6.0910-206.7910-207.7510-2 E:ų$9"M1+?
Ĉ>7"9¾Ǩǽ&K?â¤'ś-"Ý÷Ř5; Ɨ-9FM;0ǚæË? 29Si N
MR ‒6\:@ Al 'âĀ-9"MŽ?‒6\?ŻĐ'ǩů,NM1+?‒6\>
¼-9027Al NMR ? Al[4]:?‒6\' 2 ĬǾ:ǋ*9"M+;'¼Ü-9"M;
 ü$KN9%L02 ĬǾ?+?‒6\>7"9 P. Faucon7, 30, 31%gA X. Pardal32
@ 27Al NMR ; 29Si NMR â¤?ƻ±QƔ.9 Q2P(1Al); Q2B(1Al)%gA Q1(1Al)?
‒6\QƗÅ-9"M1ŃÂ:ťǠ-4 Fig3.12 ?g#= C-S-H I Tobermorite ? d
reierketten úŴ: Al[4]@ Q10Q2P0Q2B ? Si ?Ƌ>Ƌ·,NM+;':(M'0
Al[4]@ Q1 I Q2B ? Si[4];Ƌ·/M+;'ƫ-)0ƹƚ> Q2B ? Si[4];?Ƌ·Ƹ
'ƷŜ/M1-&-0Al[4]&K Si[4]B?Ƌ·>%"90Na+?ǥ´'ĲǮ:!M
+;'ǕĂ,N9%L0Na+?ŻĐ¸Ï:@ Al[4]@ Q2B0Q2P ?ǻǗ>Ƌ·,N
M+;'ǕĂ,N9"M 7, 20, 3217EL0Na+'="ƹƚ=ŇÑ:@ Q2B ? Si[4] 
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' Al[4](27Al NMR; 69~70ppm);Ƌ·,NM+;:é5? Q2P ' Q2P(1Al);-9í
NMǗ:0Na+'ŻĐ/M; Q2B %gA Q2P ? Si[4]' Al[4](27Al NMR; 74ppm)%
gA Al[4](27Al NMR; 69~70ppm)?ǻǗ'Ƌ·>gL Q2P(1Al); Q2B(1Al)%gA Q1 
Table3.12 Al/Si in C-S-H 
 Al/Si in C-S-H_by Eq(3.5) Al/Si in C-S-H_by Quantification (mol) 
None 10.2910-2 3.9810-2 
CP_2.0 11.6210-2 6.0910-2 
CP_1.5 10.6610-2 6.7910-2 
CP_1.0 8.2010-2 7.7510-2 
CP_NH 5.0610-2 12.7510-2 
 
 
Fig3.18 Al/Si in C-S-H 
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(1Al);-9íNM;ü$KNM1++:0Al[4]' dreierketten úŴ?Ƈ6+? Q2P
;Ƌ·,NM; Q1(1Al)':(0Ə»? Q2P ;Ƌ·/M; Q2B(1Al)':(M1+?
Ƌ·>7"9ü$4ǣĦQ Fig3.19 >Ĥ/1  
-&-029Si NMR :? Q2P(1Al)@-81ppm Ǆ×:Űƀƚ>ºƅ>°Ư':(M'0
Q1(1Al)%gA Q2B(1Al)@0-767-78ppm ?ƺ:íNM+;'ƉKN9"M 30, 311
ǚæË?ŸƗņã:@ Q1 ?‒6\;Ĳň,N9"M4d> Q1(1Al)%gA Q2B(1Al)
?ś°=ǽQ°Ư:(=&64'0None >ƻC9 CP_series ? Q1 ‒6\'ćŶ>
ÿ)=69"M+;' Q1(1Al)%gA Q2B(1Al)?‒6\;¼Ü'!M;ü$KNM
31, 321E40Ħ(3.6)?g#> 1 ð? Q2P ' Al[4];Ƌ·,NM; 1 ð? Q2B(1Al); 1
ð? Q1(1Al)%gA Q2P(1Al)'íN0ð? Q2B ' Al[4];Ƌ·,NM; 2 ð? Q2P
(1Al)'íNM1  N#P 1C; % = 2C; 4 R% + )) + , C; 4 P% N#R 1C; % = C; 4 P% NO 1C; % = ,) + , C; 4 P% 
 
 
 
(3.6) 
 
Fig3.19 Schematic representation of a Single layer in the crystal structure for 
tobermorite_ Al[4]B, Al[4]P substitution 
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 ,K>0Al ?ǽ@ Si >ƻC9Ļ="-0ïKN9"M Al ?ǽ&Kü$9FM;
Q2B(1Al)?‒6\@Ŧƀƚ>Ļ="+;&K0Q2P(1Al)gL@ Q1(1Al)%gA Q2B(1A
l)?‒6\@Ɩ)íNM+;'ǩů,NM1  
 E40Ħ(3.5)&K? Al/Si @ Q1(1Al)%gA Q2B(1Al)?‒6\Qü$0>áĕ,N
9"M1Q1(1Al)%gA Q2B(1Al)?ŻĐQ¾E190Fig3.19 ?úŴ>¿8"9 Al/Si
?Ħ(3.5)QĹ(ƒ/;Ħ(3.7)?g#>=L 330^UĖomV~?ƱƟ'ÿ)=M
D<Ħ(3.5)?â¤gL@ Al/Si 'ų$M+;'ǩů,NM1++:0Q1(1Al)%gA Q
2B(1Al)?ŰƀƻǶ@ 1:1 > Ɨ-4341  
 C; &' 	":<@	M":'<_6':ℎ	NO 1C; 	"TU	N#R(1C;)= 1 2N#P 1C; + N#R 1C; − 1 2 (N#R 1C; − NO 1C; )NO + N# + NO 1C; + N#P 1C; + N#R(1C;)  
 
(3.7) 
 
 E40+?Ƹ@ Na+?ŻĐ;;e> C-S-H Ə? Al[4]/Si ?ƻǶ'ÿ"¸Ï:ř
Ƿ/M+;&K0Ɨǽ&K? Al/Si 'ś-";ü$KNM1ǚæË>%"9e027A
l NMR :°Ư-4g#>^UĖomV~?ơƮ>g69 AFm %gA C4AHx Ə?
Al[6]'ǖ¬,N Al[4]>ǒ-0C-S-H :? Al[4]/Si ƻ'ÿ)=L0Q2P %gA Q2B
ǻǗ>Ƌ·Ƹ'Ä+M1+? ť>ƀ-90Al2O3 %gA SiO2 ?Ɨǽ&K? Al/S
i ƻ?â¤;Ħ(3.7)&K Q1(1Al)%gA Q2B(1Al)QÊdM+;':(0Table3.13 > Q
1(1Al)%gA Q2B(1Al)QüǺ-4 Q17Q2 ‒6\?ƻǶQĤ/1Q1(1Al)%gA Q2B(1
Al)'=" None ? Al/Si Q¿ĵ>-90Q1(1Al)%gA Q2B(1Al)@ Q1 ‒6\;Ĳ=
69"M+;'ǩů,NM4d0Q1(1Al)%gA Q2B(1Al)‒6\@ Q1 &KǱM; 
Ɨ-41Įś-4®‒6\?ƻǶâ¤QçM;ǔĮđ?ƱƟ'ų¢/MD< Q1(1A
l)%gA Q2B(1Al)?ƻǶ'ž)=M'0Q2P(1Al)gL@Ļ="+;'°Ư,N41  
  
Table3.13 29Si NMR relative intensities with Q1(1Al) and Q2B(1Al) 
 Q1~Q2 
 Q1(1Al) 
(%) 
Q1_revision 
(%) 
Q2B(1Al) 
(%) 
Q2P(1Al) 
(%) 
Q2B 
(%) 
Q2P 
(%) 
None 0 30.7 0 14.8 14.8 14.1 
CP_2.0 3.4 29.7 3.4 19.4 14.2 13.1 
CP_1.5 5.9 28.6 5.9 18.1 17.3 9.3 
CP_1.0 10.3 25.4 10.3 14.3 16.6 10.1 
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3.4.2 29Si NMR  Mean chain length 
 Tobermorite ? dreierketten úŴQüǺ-9029Si NMR ‒6\&K Si ęǢſ; Al
ęǢſ?ǏÖĊƑ,(Mean chain length0 MCL)QÊdM+;':(M 291  
 V*W = NO + N# + 3 2N# 1C;1 2NO   (3.8) 
 
 E40Ģ?Ħ&KĶŕ= Si ?ǏÖĊƑ,(Pure mean chain length0 MCLsi)
QÊdM+;':(M1  
 V*WKL = NO + N# + N# 1C;1 2 (NO + N#(1C;))  (3.9) 
 
 Ħ(3.8);Ħ(3.9):ƨ4 MCL ; MCLsi ?â¤Q Table3.14 >Ĥ/1MCL ?ńĀ0
None ? 5.36 &K CP_1.0 ? 4.09 E:ëĻ-9"M1MCLsi :e0None ? 3.24 &K
CP_1.0 ? 2.89 E:ëĻ-9"M1-&-0M. Andersen20 >gM; C-S-H :? Al[4]
'ų$M;ƹƚ> MCL 'Ƒ)=M+;'ǕĂ,N9%L0ǚæË?â¤;@Ç  
?Ý÷Ř'°Ư,NM1ǚæË?ńĀ027Al NMR &K C-S-H :? 2 ĬǾ? Al[4]'
ų$9"M+;'Ǡ°>°Ư,NM'029Si NMR :@  Q1(1Al)%gA Q2B(1Al)‒6
\?ǋǵ':(=&64+;&K0++:ǭ-4Ħ(3.8)QǚæË>ƛ/M?@
ǞǴ'!M1-4'690Fig3.19 >¿8"9 Q1(1Al)%gA Q2B(1Al)QüǺ-4Ħ(3.
10)>Ĺ(ƒ/; MCLwithQ1(1Al)andQ2B(1Al)@  
 V*W_6':ℎ	NO 1C; 	"TU	N#R(1C;)= NO + N# + 3 2 (NO 1C; + N#P 1C; + N#R 1C; )1 2 (NO + NO(1C;))  
 
(3.10) 
Table3.14 Mean chain length and Pure mean chain legnth 
 MCL MCLsi 
None 5.36 3.24 
CP_2.0 5.09 2.98 
CP_1.5 4.67 2.91 
CP_1.0 4.09 2.89 
CP_NH 3.74 3.02 
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>=M1Ħ(3.10)&K?â¤Q Table3.15 >0Al/Si ;?¼ÜQ Fig3.20 >Ĥ/1Ūƹ
ƚ> None gL MCL 'Ƒ)=69"M+;'°Ư:(M1  
 
3.4.3 29Si NMR  None bridging Oxygen 
 Cong %gA Kirkpatrick16, 35@ C-S-H :? None bridging Oxygen(0NBO/Si)'
SiOCaâĀQßř/M Ca2+>g69sdQĀP1M;"# Ɨ&Kƞ¦
sdQáĕ-9"M1++:0NBO/Si ? Si @ C-S-H :? Si[4]:!M1  Cong
%gA Kirkpatrick >gM;02C/S-NBO/Si=0 >=M+;@0ƞ¦sdQƏǷƚ
>Ġ/M4d? Ca2+'ŻĐ-0âĀ-9"M+;Qǜ/M1E402C/S-NBO/
Si<0 ?ńĀ@ Ca2+'ŹL=)0Ǫǋ? NBO ' Si-OH ?âĀ>gLƞ¦sdQ
Ġ-02C/S-NBO/Si>0 >=M;Ǫǋ? Ca2+'ŻĐ-0ƞ¦sdĠ?4d C
a-OH âĀ'ǀǮ>=M 161î"·$M; NBO/Si 'ÿ)=M+;@CaOSi
Table3.15 Mean chain length with Q1(1Al) and Q2B(1Al) 
 MCL_with Q1(1Al) and Q2B(1Al) 
None 5.36 
CP_2.0 5.82 
CP_1.5 5.80 
CP_1.0 5.85 
 
 
Fig3.20 Relationship between MCL_with Q1(1Al) and Q2B(1Al) and Al/Si in C-S-H 
by Quantification 
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OH âĀ'ų$M+;Qǜ/M1NBO/Si @ 29Si NMR ?®‒6\?ƻǶ&KĦ(3.
11)?g#>Ĥ/+;':(M1  
 !Y$ &' = ∑(4 − T)E[ (3.11) 
n: 1, 2, 3 
In: fraction of signal intensity with Qn 
 
Table3.16 None bridging oxygen per Si tetrahedral in C-S-H 
 NBO/Si in C-S-H 
None 1.80 
CP_2.0 2.03 
CP_1.5 2.10 
CP_1.0 2.20 
CP_NH 2.40 
 
 
Fig3.21 None bridging oxygen per Si tetrahedral in C-S-H 
 
Table3.17 Ratio of Q1 in C-S-H 
 Q1/(Q1+Q2) (%) 
None 41.32 
CP_2.0 43.86 
CP_1.5 47.39 
CP_1.0 52.91 
CP_NH 56.18 
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 Ħ(3.11)&K? NBO/Si Q Table3.16 %gA Fig3.21 >Ĥ/1None ? 1.80 &K CP_
1.0 ? 2.07 E:ƻǿ-='Kų¢-9"M1ǚæË?Ĩè:@ǔĮđ; Ca(OH)2 ?
Ƹ&K C-S-H 'ų$M'0ơƮ,NM Si gLƸ>¼ǫ/M®Ǌħ&K? Ca ?
ǽ'Űƀƚ>ž)=L0C-S-H :? Ca/Si 'ų¢/M+;'ü$KNM1+N@ 3.
3.2 ? TG-DTA &K? Ca(OH)2 ?ľƼǽ&KťǠ-4g#>ǔĮđ? Na řǋ'ǝŢ
>¼Ü-9"M+;'ǩů,NM1E40Table3.17 >Ĥ/ 29Si NMR &KǔĮ>g
M C-S-H :? Q1 ?ǒǶQ Q1/(Q1+Q2);-9ü$9çM;0ǔĮđ?ƱƟ>g6
9 C-S-H :? Q1 'ų$9"M+;&Ke dreierketten úŴ:?CaOSiOH â
Ā?ų¢QťǠ/M+;':(M1  
 Ń?üē&KǔĮđ>g69Ō4>Ŝř,NM C-S-H @ÀŻ? C-S-H gL Ca/
Si 'ÿ)=M+;'ü$KNM1  
 
3.5 	
  
 ǚĿ:@0^UĖàǂǢ¾ōđ;-9^UĖomV~Qǭ"9fmx6
dm;?ǔĮƸQþ"0`w? pH ŸƗ%gA TG-DTA0XRD0ñſ NMR0
FT-IR0Raman spectroscopy &K?ŸƗ&K^UĖàǂǢ¾ōđ?ǔĮYpe
~Qüē-41ǚĿ:ƨKN4â¤Q>Â/1  
 
1) `w? pH ?ŸƗâ¤0ǔĮ>g69Ƹũ? 12.64 &K 12.11 >
-9"M+;Q°Ư-41ǔĮđ?SYřǋ>gMǒ%gAƸ&K Ca(O
H)2 'ë69"M+;&K5;ü$KN0ƆĖ>ǫ$MÓQ°Ư/MǀǮ'!
M1  
2) TG-DTA &K? Ca(OH)2 ?Ɨǽ?â¤0ǔĮƸQþ=69"=" None :
? Ca(OH)2 'ǔĮđ;?Ƹ>g690CP_series %gA CH_series :@ë69"M
+;Q°Ư-41-&-0Ƨ?ǔĮđQƮN9e3?Ƹǽ@ CP_series ' 38~5
2%0CH_series ' 69~100%#â¤':41ǔĮđ'ƅĶ> Ca(OH)2 ;Ƹ/M+
;:@=)0fm?Ž?Ǌħ;eƸ-9"M+;'ǩů,NM1,K>0C
P_NH ? Ca(OH)2 'ų¢-9"M+;&K Na+>g69®Ǌħ&K? Ca2+?Ǭĳ'
ü$KNM1E40ơƮ/M Na2O !4L? Ca2+?Ǭĳ; TG-DTA &K?³âĀ
Ŕ?¼Ü'ƻǿ/M+;&K0ǔĮđ&KŜř,NMŔȄǊ@Űƀƚ>Ɩ"âĀŔ
ǽQĠ7£ƲŘ'ü$KNM1  
3) XRD ?ŸƗâ¤0Ƹ>g69 Ca(OH)2 'ëĻ/M;;e>Ō-" C-S-H 
?‒6\'°Ư,N41E40ǔĮđ?ơƮǽ'ž"D< AFm 'ë69"M+;
Q°Ư-41Na+?ŻĐ>g69S}q6màŔȄǊ'ǒ-9"M+;'ǩů
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,NM1  
4) 27Al NMR ? chemical shift ?ǋŞâ¤0ǔĮđ?ơƮ>g69 Al[6]?ëĻ
'Ä+69%L0XRD ?â¤;ƌ/MÝ÷Qƨ41ëĻ-4 Al @ęǢſ;-9
Al[4]ƺ?Ƭ7?‒6\>Ʀ-9"M+;'°Ư,N41CP_NH :e+?Ý÷
Ř'°Ư,N4+;&K0Na+>g69 Al[6]?S}q6màŔȄǊ'ǖ¬,N0
ęǢſ;-9íN9"M;ü$KNM1E40CP_1.0 ; CP_1.5 :@ 15ppm Ǆ×?
Ō-"‒6\'°Ư,N9%L0ƽĽħ?!M}q6mŔȄǊ'Ŝř,N9"M£
ƲŘ'ĤĆ,NM1  
5) 29Si NMR ? chemical shift ?ǋŞâ¤0ǔĮđ? Na řǋ>g69 Q0 ? C3
S0C2S ?ľƼ'ŵŏ,NM+;Q°Ư-41E40C-S-H ;¼Ü-9"M Q1 &K
Q2 ‒6\?ƻǶ'ǒ-9"M'0ƹƚ>ǔĮđ?ơƮ>g69 Q1 ?ƻǶ'ÿ
)=L0Al 'Ƌ·-4 Q2(1Al)?ų¢e°Ư,N4127Al NMR :ęǢſ;-9í
N9"M Al[4]@ C-S-H >Ƌ·,N0C-S-H :? Al/Si 'ÿÙ=L C-A-S-H >×"ú
Ŵ>=69"M£ƲŘ'ü$KNM1  
6) FT-IR ?ŸƗâ¤&K0ǂǢ:? C-S-H àŔȄǊ?Ŝř'°Ư,N41  ǔ
Įđ?ƱƟ>gMǂǢ:? C-O vibration 'ǒ-9"M+;>7"9@ŵŏƆĖ
,14`wQǭ"9ł-"Ɠ¢æË'ǀǮ;ü$KNM1   
7) Raman ?â¤&K0ǔĮđ;?Ƹ>g69ǂǢ? Ca(OH)2 'ëL0Si-O
¼Ü?dx\m?ų¢&K C-S-H àŔȄǊ?ŜřQ°Ư-41ǔĮđ?ƱƟ'ÿ
"D< Si-O ¼Ü?dx\m?ų¢'°Ư,NM'0C-O ¼Ü?dx\meų
$9"M+;&K0ǔĮđřǋ>gMǂǢ:?ƆĖǊħ>7"9Ɠ¢æË'ǀǮ
;ü$KNM1  
 
 Ń?ŸƗâ¤&K0^UĖàǂǢ¾ōđ?ǔĮYpe~Q Fig3.22 >Ĥ/1
E00ƠǤ³©&K?Ħ(3.1):@ǔĮđ' Ca(OH)2 ;Ƹ-9 C-S-H >×"ŔȄǊ
QŜř/M+;5*'ǩů,N4'0+NŃ> TG-DTA ?â¤&KǔĮđ' Ca
(OH)2 ­>Ž?Ǌħ;Ƹ-9"MŁÍQ°Ư-41,K>0ǔĮđ? Na řǋ
&K®Ǌħ&K Ca2+'Ǭĳ,NƸ>¼ǫ/M Ca ?ǽ'ü$4gLž)=M1Ca
(OH)2 ­?Ǌħ;?Ƹ>7"90XRD â¤&K AFm ?ëĻQ°Ư-0ǔĮđ
>g69S}q6màŔȄǊeÓQeK#+;'°Ư,N41AFm ?ëĻ&
K Cl-?ōƥ'ŵŏ,NM£ƲŘ'ü$KNM1ƹƚ> AFm 'ŻĐ-9"MŇƂ
: Cl-'ōƥ,NM; AFm ;?Ƹ>g69 Friedel’s salt(3CaO·Al2O3·CaCl2·10H2
O)>=M'0AFm ?ëĻ&K Cl-' Friedel’s salt ;-9ñƎ,NM+;:@=)0
>ōƥ-I/)=M£ƲŘ'ü$KNM1E40++:ë64 AFm ? Al '<+
>Ʀ-90<?g#=úŴ>=69"M?&>7"9 27Al NMR %gA 29Si NM
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R ?â¤&K Al @ęǢſ;-9 C-S-H :? Si[4];Ƌ·,N0Ō4>Ŝř,NMŔ
ȄǊ%gAé5? C-S-H @ Al 'Ƌ·,N4 C-A-S-H >×"úŴ>=69"M+;
'ǩů,NM1,K>0C-S-H :? Al/Si ?ǋŞQþ=64â¤0Al[4]@ dreierkett
en úŴ? bridged tetrahedral ? Si[4];?Ƌ·5*:@=)0paired tetrahedral ? Si
[4];eƋ·,NM+;Q°Ư-0Q2B(1Al)‒6\QƗÅ-41  
 Al 'Ƌ·,N4 C-A-S-H >7"9 29Si NMR ?‒6\&K0ǔĮđ?ƱƟ'ÿ"
D< MCL 'Ƒ)=L0_\6mƪǇ?ȇǝ>ÓQǫ$M£ƲŘ'ǩů,
NM1E40NBO/Si ?ǋŞ%gA FT-IR0Raman &K?â¤&K0ǔĮ>g69ß
ř,NM C-A-S-H @CaOSiOH âĀ'ų¢-0Ca/Si 'ų$MÝ÷ŘQ°Ư
-41ƨKN4â¤;â¤&K?ǩů%gAüēQØǐ-9 Table3.18 >ŚǴ-41  
 Ń>gL0^UĖàǂǢ¾ōđ?ǔĮYpe~QƗǽƚ>äƣ-41++
:ƨ4â¤@0Ƅ 4 Ŀ?ƆĖ>ǫ$MÓ>¼/Mäƣ>µǭ/M1  
 
Table3.18 Result and Discussion 
Ĩèâ¤  â¤&K?ǩů%gAüē  
• ¾ōđ ?Ʊ Ɵ'ÿ "D <
pH 'Ɩ)=M1  
• Ca(OH)2 ;¾ōđ ?Ƹ 
&K C-S-H ?Ŝř'°Ư  
• ¾ōđ ;? Ƹ> g6 9
AFm 'ëĻ,N9%L0Ʊ
Ɵ'ÿ"D<ëĻǽ'ž"  
• Al ' C-S-H >Ƌ·,N0
C - A - S - H ú Ŵ > = 6 9 %
L0¾ōđ?ƱƟ'ÿ"D
<Ƌ·,NMǽ'ų¢  
• ¾ōđ@ Ca(OH)2 ­?Ǌħ;eƸ-9%
L0Na+?Ó:®Ǌħ&K Ca2+'Ǭĳ,N0
ǩůgLƸ>¼ǫ/M Ca ?ǽ'ų$M+;
' ü $ K N M 1 - & - 0 f   m x 6 d mƏ
? \   Y 6 ? Ŕ Ȅ Ƹ  > g M  Ó ? £ ƲŘ
' ! M + ; & K 0 Ā ř Ŕ Ȅ Ǌ > g M ä Ł Ĩè
'ǀǮ;ü$KNM1  
• NMR ?â¤>¿8"4 MCL ; NBO/Si ?â
¤&K0C-A-S-H >=M+;>gMƪǇúŴ?
ȇǝ'ǩů,N9%L0E4 C-S-H àǊħ?
Ūƹƚ= C/S 'ÿ)=M+;'°Ư,NM1  
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Fig3.22 Shem
atic representation of repair reaction 
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4.1 
  
  ƖŸ0StOq	^,1ţþƕ2ċ(4.1)1, 2,łƾ"B-,B  
 !"# + %#" → %#!"' !( "% # + %#!"' → !(!"' + 2%#"	+!(" ∙ -."# ∙ /%#" + %#!"' ⟷ -."# ∙ /%#" + +!(!"' + %#" 
 
 
(4.1) 
 
 QIþÎƟǁ¬ıú1Ŝ¶ķ0« +2îƈ1ǋ/Ö»ÒĚ+B
%1(ţþ0ś +2ŭ¯ªƶǛ &ĪìƯĔ +/¾ĂŚ?AţþĲ
0ś"Bǆķ×'$/)&-= 3ƦıƃŴæķ?3ţþ0
?BźÅ1Ƥĭ0ś +<Ř1ƯĔú=ƯĔ +/Īì?A<{/B-4
{Ä1ÒưíC+B  1?/ưí2čø0QIþÎƟ
ǁ¬ıú1.1?/ƕmMaXlÄF·7 +B02µǜ +/  
 8&Š 3 ĥ1Ò@QIþÎƟǁ¬ıú1Ŧ@C+&ƕmMaXl
~ĩ0Ɵǁ¬ıú1HrMqĸƧ1Ä0?)+Hrkb	^ÎĵǝƦƱ
Cƕ@ÍĸCBVqQ	^ÎĵǝƦ2Hrkb	^ŧ¦C& Calcium 
aluminate silicate hydrate(C-A-S-H)çŐFą*--ƦČ@1MrVJl1
ǍĚ0?)+VqQ	^ÎĵǝƦ1 Ca/Si ƙê/B/.1mMaXl ;
&1?0ð8,Ŧ@C+&~ĩ1ƕmMaXlǊBÄ0*+
<ǀƻ/ÔƂƝǏ,B-è@CB%,Ƹĥ,2őĴţþFé
ĵǝƦ1ţþ½ƄF ƌ"B  
 čØ,2Š 3 ĥ1TthrFǎ+őĴţþFéţþ0?BƬF©Ŕ
"B­ƸŸ/ pH 1Ƭ@X ŅŀƧļ(X-ray diffraction~ XRD)@1
ţþMrVJl1ĺĸ/.1ÒģŌ1Ƭ?3 29Si27Al23Na êƧƏĈ±
¿ƿ(Nuclear Magnetic Resonance~ NMR)Fǎ+ĵǝƦ1ţþ0?BƬ
F©Ŕ"B8&f	qKƬ¦ÌľƧâ(Fourier-transform infrared spectrosc
opy~ FT-IR)?3pjtƧâƳ(Raman spectroscopy~ Raman)@<Ƭ
F©Ŕ"BöĕŸ0Ň+1ŔųƲƳ@Ɔ&Ò@īÓ0?Bƙ¡ƧļFé
čø1ƯĔƕ0?Bţþ½Ƅ0ś"BèüFŰ!+QIþÎƟǁ¬ıú
ţþ0ǊBÄ0*+ŵ}"B  
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 
 88 
4.2 ' ;  
 & .  
 XRD ?3 NMR Ŕų02Š 3 ĥ,ûĻ &Ymt^i	W^1ƨƹ1Tth
rF%188ţþ$+ǐǎ &8&FT-IR - Raman 1Ŕų02Š 3 ĥ
,ûĻ &hs^TthrFţþ$Ŕų &8&Ň+1ĂØŚFţþ
ƕ1ņà02ĳÈ]VQ	Z	0Ʈŗ &  
 
 ,+0%	)  
 QIþÎƟǁ¬ıú0?Bţþ½Ƅ41ÄF©Ŕ"B&;0ĂØŚFő
ĴţþōŧFǎ+ţþFé)&,İŨçŐƦ1ǉƷą¨ǑFǂŸ
- +ƯĔC&Ymt^i	W^1ţþ½Ƅ?3®çŐƦ1ăàą¨
Ǒ- +",0ţþC&Ymt^i	W^1ƯĔãF©Ŕ"B&;0
Fig4.1 1?0őĴţþ$BĆ¯FƯĔƕņà0Çƪ +ǎ &  
 ţþőĴ2 CO2 Ǝž 5RH60201īÓ,TthrF 124 Ėªő
Ĵ$&Ŕų &TthrF  Table4.1 ?3 Table4.2 0ĉ",Pre_serie
s 1ĪìƯĔƕ,1 Ca/Si Fţþņ1 Ca(OH)2 @Ïý &  
 
 -178   
4.2.3.1 XRD -1  
 XRD Ŕų0?AƦ?3ĵǝƦ1ĺĸūĹF ƌ &XRD 1Ŕų2ƞ
ĜƦČ- +uHrk`(α-Al2O3)F£, 5wt%Ż +é)&XRD Ŕų02
Rigaku 1 Smart Lab X ŅōŧFǎX ŅÜ CuKα¨ż 40kV¨żǕ 30mA
ŎõƗ 3~90°/2θǚÒWNotn_WNotWe_ 1°/minTthqtP
 
Fig4.1 Process of accelerated carbonation reaction 
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ª¢ 0.02°/step 1Ó,Ŕų &  
 
4.2.3.2 NMR -1  
 29Si MAS NMR 1Ŕų02 JEOL 1 ECA-500(11.75T)Fÿǎ ©ŔēƑĶ 99.4
MHz ,é)&4mmz1ĂǗ¨FǎSpinning speed 10kHzPulse width 3.6y
srelaxation delay 30sscans 2048 ,éNMR WiO^rFƆ&  
 27Al MAS NMR 1Ŕų02 JEOL 1 ECA-800(18.8T)Fÿǎ ©ŔēƑĶ 208.6
MHz ,é)&3.8mmz1ĂǗ¨FǎSpinning speed 20kHzPulse width 0.9
ysrelaxation delay 0.5sscans 1280 ,éNMR WiO^rFƆ&  
 23Na NMR 1Ĩ÷/e	OF ƌ"B&;0 2 ćÙŔųn	_Fǎ+ŔųFé
/)&23Na 3QMAS NMR 1Ŕų02 JEOL 1 ECA-500(11.75T)Fÿǎ ©Ŕē
ƑĶ 132.3MHz ,é)&4mmz1ĂǗ¨Fǎthree pulse sequence Z-filter Ŕ
Table4.1 Material proportions_with cement paste sample (Powder) 
 Cement 
paste 
Sodium 
Silicate 
Ca/Si 
(mol) 
CO2 
(week) 
Carbonation 
period (by Fig5.1) 
 
None   - - 0 - 
None_1w   - - 1 before repair 
None_2w   - - 2 before repair 
None_4w   - - 4 before repair 
Preventive 
maintenance 
CP_2.0     2.0 0 - 
CP_2.0_1w     2.0 1 after repair 
CP_2.0_2w     2.0 2 after repair 
CP_2.0_4w     2.0 4 after repair 
CP_1.5     1.5 0 - 
CP_1.5_1w     1.5 1 after repair 
CP_1.5_2w     1.5 2 after repair 
CP_1.5_4w     1.5 4 after repair 
CP_1.0     1.0 0 - 
CP_1.0_1w     1.0 1 after repair 
CP_1.0_2w     1.0 2 after repair 
CP_1.0_4w     1.0 4 after repair 
Post 
maintenance 
Pre_1w_1.0     1.0 1 before repair 
Pre_4w_1.0     1.0 4 before repair 
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ų,  Z-filter Delay 200yspulse delay 0.1s ,é3QMAS NMR5WiO^r
FƆ&8&"5+1 NMR ]	Z2 JEOL Ļ1 Delta Software Fÿǎ + Loren
tz «Ķ@ deconvolution ?3e	OǁĽ1ĽýFé)&  
 
4.2.3.3 FT-IR -1  
 FT-IR Ŕų02JASCO FT/IR-6100 1ōŧFǎŔų02 ATR n	_Fÿǎ
 &ŔųƗ2  7800~400cm-1ƧƏ2 4.0cm-1ĽýĶ2Įë1ƞĜƫô
Ēœ"B8,ÉAƭ"ĊƄŁų- &8&Ƨļņ0gptO,Ŕų Ƨļà
ĂØŚ1WiO^r@gptOĆ1WiO^rFd[OPpJt_ĞǑ &  
 
4.2.3.4 Raman -1  
 Raman Ŕų02 Nanophoton Ď1 RAMAN-11 1sUpjtƜÃFÿǎ 
&	´Ƒŭ2 532.07nmŔųƗ2 100
4100cm-1 - #C1ǉƛĂ0
+ĂǗ1Éƭ Ŕų0?Aâ1Ä
œ"B-F ƌ +Ɔ&WiO^
rFƧļÒ- +ǎ&  
Table4.2 Material proportions_with cement paste sample (Plate) 
  Sodium Silicate 
(Concentration) 
CO2 
(week) 
Carbonation 
period (by Fig4.1) 
 PL_W - 0 - 
PL_W_1w - 1 before repair 
PL_W_2w - 2 before repair 
PL_W_4w - 4 before repair 
Preventive 
maintenance 
PL_No.1 23% 0 - 
PL_No.1_1w 23% 1 after repair 
PL_No.1_2w 23% 2 after repair 
PL_No.1_4w 23% 4 after repair 
PL_No.2 30% 0 - 
PL_No.2_1w 30% 1 after repair 
PL_No.2_2w 30% 2 after repair 
PL_No.2_4w 30% 4 after repair 
Post 
maintenance 
Pre_1w_No.1 23% 1 before repair 
Pre_2w_No.1 23% 2 before repair 
Pre_4w_No.1 23% 4 before repair 
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4.3 '   
 pH 	6  
  ƯĔ0?B pH 1ƬF Table4.3 0ĉ"ŇT‒hr,ţþ0?)+ pH Û
)+B ƯĔú1Ǝžê6.ţþ@1 pH Ųş/)+B
Ƈ0 CP_1.0 ,2 pH 12.23 @ CP_1.0_4w 1 pH 11.34 8, Ƙşô ƌ
C&8& ţþ$&à ƯĔFé/)& Pre_carbonation_series ,< ƯĔ
ú1ƀƋ0?)+ƯĔņ?A<Ģ pH ÛĢ +BC2ƯĔú- Ca(OH)2
1ƕ?3QIþ`^qJl1 pH 1Ä'-è@CBCP_1.0_4w - Pre_4w
_1.0Fƙ¡ +9B-őĴţþ¯ª=ƀƋ &QIþ`^qJl1Ǝž2ƅ!'
 %1 pH 2 11.34 - 11.73 - +ôBƯĔƕţþ0?B pH Ų0
«Ê +B-ǉŊCB   
 
Table4.3 pH 
 pH 
None 12.64 
None_1w 12.16 
None_2w 11.97 
None_4w 11.89 
CP_2.0 12.35 
CP_2.0_1w 11.85 
CP_2.0_2w 11.78 
CP_2.0_4w 11.70 
CP_1.5 12.11 
CP_1.5_1w 11.70 
CP_1.5_2w 11.54 
CP_1.5_4w 11.50 
CP_1.0 12.23 
CP_1.0_1w 11.47 
CP_1.0_2w 11.40 
CP_1.0_4w 11.34 
Pre_1w_1.0 11.65 
Pre_4w_1.0 11.73 
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 XRD 
  őĴţþ$&T‒hr1 XRD 1ÒF Fig4.2 ?3 Fig4.3 0ĉ"ƙ¡
1&;0 ţþ$Bņ1T‒hr1]	Z<¬8$+ĉ &8# ƯĔF 
+/ None_carbonation ,2ţþ0?)+ Portlandite(Ca(OH)2, 2xdeg 18, 2 
 
Fig4.2 XRD patterns; None and CP_2.0 (Carbonation) 
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8, 34, 47, 50.7, 54.5)1ÛĢ--<0 CaCO3(2xdeg 23.07, 29.23, 3
6.18, 39.54, 43.13)ŏ +B- ƌCċ (5.1)1?/ƕ
@ Ca(OH)2 ţþ +B-ǉŊCB@0ţþ0?)+ Quartz(2
xdeg 21.31, 27.10, 37.08, 43.36)ŏ +B-26C-S-H ţþ
 
Fig4.3 XRD patterns; CP_1.5 and CP_1.0 (Carbonation) 
 
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 
 94 
C+ Ca //)&VqMRr- +ÝC+B-è@CCa(OH)2 - C
-S-H ,1ţþƅĆ0Ɠĺ +B-×B8&őĴţþ¯ªŭ
/B6. AFm(2xdeg 9.8)1e	OÛ)+B-@ CO2 -ƕ +B
- ƌCB, CO2 0?)+ƒC& AFm 1 Al 2 Monocarboalumin
ate(2xdeg 26.20, 33.15, 45.8)- +7ţþƦČ0/)+B- ƌ
CB  
 ć0ƯĔFé/)& CP_2.0 @ CP_1.0 1Tthr,2None_carbonation -
2Ģ /BţþËäķ ƌC&8#ƯĔƕ0?)+ĺĸC&Òģ
ķ1êMrVJlVqQ	^ĵǝƦ,B C-S-H(2xdeg 6.6, 29.3, 49.7)89
1e	O//)+BƯĔ &Tthr1 Ca(OH)2 1e	O0« +2ţ
þ0?BºÑ/ÛĢ< ƌC/: D CP_1.0 1ĪìőĴţþ$B
-  Ca(OH)2 1e	O(18ƠÆ  )Ģ ŏ +BC0*+2Ř0ĺĸ
CB Trona(Na2CO3•NaHCO3•2H2O)1e	O-ę/B-ǉŊC10ƯĔ &
Īì02ţþ0?)+ƯĔú1 Na ĸƧ«Ǌ"BţþƦČ1ĺĸƏķè
@CB8&CaCO3 1ĺĸ0« +2ƯĔFé/)&Tthr CP_1.0_1w
1 18.54%CP_1.0_4w 1 22.65%8,None_1w 1 5.81%None_4w 1 6.00%8,
ŇƖŸ0ƯĔ &TthrƯĔ +/Tthr0ƙ5+ CaCO3 1e	Oê
/)+Aĺĸǘŏ+B- ƌCBC2őĴţþōŧF
ǎ&ţþƕ,2Ca(OH)2 ?A C-S-H ÎƦČ1ţþ?Aŋ/BƏķ
<B 11, 12ƯĔFé/)&Tthr2<-<-ƯĔú-1ƕ0?)+ None
0ƙ5+ Ca(OH)2 Û)+BĬŝ,AŌśŸ0ŏ+&MrVJlVqQ
	^Î1ĵǝƦŏ+B&;čø1 CO2 §À,<MrVJlVqQ	^Îĵ
ǝƦ1ţþǆń"BƏķB1ų@Ţĝ0è+9B-MrVJ
lVqQ	^ÎĵǝƦ1ţþ0?B SiO2 1ĺĸǘ2ƯĔFé/)&Tthr1
Ʋê/B-ǉŊCB  ƯĔFé/)&Tthr<ţþ0?)
+ SiO2 1e	OÔĚCB%1ǘ2 None 0ƙ5+Ģ/8&CP_2.0_c
arbonation ?A CP_1.0_carbonation 1ƲÞ¦B-ƯĔú1Ǝžê6. S
iO2 1ĺĸǘŲ/)+B1Ò@ƯĔFé/)&Tthr1ţþ0
?BçŐ=ňĸƬ0*+ÔƂƝǏ-è@CB8&CP_2.0 ?3 CP_1.
5 1 AFm 1e	O<//B- ƌC&  
 ",0ţþ$&Tthr0ƯĔƕFé/)& Pre_carbonation_series 1 XR
D ÒF Fig4.4 0ĉ",Pre_1w_1.0 2 None_1w 1ƨƹF C/S=1.0 1ƙǔ
,ƯĔ &Tthr,APre_4w_1.0 2 None_4w 1ƨƹF C/S=1.0 ,ƯĔ &
Tthr,Bƙ¡1&;None_1w ?3 4w <¬8$+ĉ &8#Š 3
ĥ, ƌC&?0ƯĔú-1ƕ0?)+ AFm 1e	OÛ)+ACa(O
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H)2 <ÛĢ +B-@ƯĔú- Ca(OH)2 ƕ +İ ĵǝƦFĺĸ +
B-ǉŊCB   Pre_carbonation_series ,2 CP_series , ƌC
&Òģķ1 C-S-H1e	O2ÔĚC+/-@ MrVJlVqQ	^Îĺ
ĸCBĵǝƦ1çŐ=ňĸ2/B-ǉŊCB8& ",0ţþ$
&T‒hr0ƯĔƕFé/)&Īì CaCO31e	O<Ģ Û)+B- 
ƌCB C2QIþÎ1ƯĔú CaCO31 Ca -ƕ"BƏķB 
XRD e	O1ÐƜ/Ƭ0ś +Ĩ ÔƂ"BƝǏB-è@CB  
 
 NMR 
4.3.3.1 27Al NMR 
 27Al NMR 1ÒF Table4.4 ?3 Fig4.5 @ Fig4.10 0ĉ"ƙ¡1&;0Š
3 ĥ,łƾ &ţþ +/T‒hr1Ò<¬8$+ĉ"  
 
Fig4.4 XRD patterns; Pre_series (Carbonation) 
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 8#Fig4.5 1ƯĔ +/ None_carbonation ,2őĴţþ0?)+ Al[6]Ɨ
1 AFm(9.9ppm) None_1w 1 31.8%@ None_4w ,2 18.1%8,Û)+AA
Table4.4 27Al NMR chemical shift and relative intensities (None and CP_Carbonation) 
 Al[4] (ppm) Al[4] (%) 
None_1w 56.0 41.8 
None_2w 55.7 42.8 
None_4w 55.8 45.3 
CP_2.0_1w 56.5 50.3 
CP_2.0_2w 56.6 55.4 
CP_2.0_4w 56.5 56.8 
CP_1.5_1w 57.0 57.4 
CP_1.5_2w 57.0 63.8 
CP_1.5_4w 56.7 66.4 
CP_1.0_1w 56.7 69.5 
CP_1.0_2w 57.0 76.0 
CP_1.0_4w 56.9 79.0 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]a 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Al[6]d 
(ppm) 
Al[6]d 
(%) 
None_1w 10.7 9.6 9.9 31.8 6.6 10.0 3.4 6.7 
None_2w 12.1 0.7 9.9 25.7 7.0 14.1 3.5 16.7 
None_4w 12.0 1.2 9.9 18.1 6.9 17.2 3.4 18.1 
CP_2.0_1w 10.5 7.0 9.9 19.6 6.2 14.1 2.8 9.0 
CP_2.0_2w 11.9 0.9 10.1 18.8 6.2 15.5 2.8 9.4 
CP_2.0_4w 12.1 0.7 10.1 12.5 6.2 18.7 2.6 11.4 
CP_1.5_1w 10.8 10.9 10.0 21.8 5.8 6.9 2.7 3.0 
CP_1.5_2w 11.5 4.8 10.1 18.5 6.1 8.3 2.8 4.7 
CP_1.5_4w 12.0 2.1 10.1 14.6 6.2 11.3 2.7 5.6 
CP_1.0_1w 11.9 3.1 10.0 20.2 6.6 3.9 3.9 3.4 
CP_1.0_2w 11.7 5.5 10.1 13.7 6.2 2.8 3.2 2.0 
CP_1.0_4w 12.1 3.5 10.2 10.3 6.4 4.4 2.8 2.7 
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l[6]1 6.9ppm(None_1w: 10.0%  None_4w: 17.2%)3.4ppm(None_1w: 6.7%  Non
e_4w: 18.1%)ƠÆ?3 Al[4]1 55.8ppm(None_1w: 41.8%  None_4w: 45.3%)ƠÆ
 
 
Fig4.5 27Al MAS NMR chemical shift (None_carbonation) 
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1İ e	Oŏ+B3.4ppm ƠÆ1e	O0*+Al[6]1e	O2 C-
A-S-H çŐ1 interlayer ƥƧ- +ÝC+B-ưíC+A136.9ppm 2 X
 
Fig4.6 27Al MAS NMR chemical shift (CP_2.0_carbonation) 
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RD 1Ò@<ÔĚC& AFm 1ţþ@1 monocarboaluminate(3CaO·Al2O3·
CaCO3·xH2O)'-ǉŊCB8&Al[4]1Ɨ,ÝC+B 55ppm ƠÆ1å
 
Fig4.7 27Al MAS NMR chemical shift (CP_1.5_carbonation) 
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e	O2ĀǁŚ- +ÝCBw-Al(OH)3 B214Al ĀǁŚ- +VqQ	^Î
ƦČ-Òì +BHrkcVqQ	^Î1 Al[4]1ƏķBŠ 3 ĥ,1Ò
 
Fig4.8 27Al MAS NMR chemical shift (CP_1.0_carbonation) 
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@è+9B-None Tthr1 Al 267 AFm = TAH15- +ÔĚC
+AC-S-H 41ŧ¦2 ƌC+/C-S-H 1ţþ0?)+ Al[4]1ƙǔ
ŇŚ Al ǘ1 40%~ĩ0ŏ+ACa //)& Si ĀǁŚ-Òì +
ƏķBƣŰ1Ymt^i	W^ţþ +HrkcVqQ	^ÎĵǝƦ
ĺĸCB®ƩÕ2×*/ XRD /.Ř1ŔųÒ@<ħ¼ ƌ
C+/-@27Al NMR Ò@ƔŤ"B-2ƽǑB29Si NMR 1
Ò/.1ƙ¡?3ůÖ»ƝǏ-è@CBAl[4]1ƙǔ2őĴţþ¯
ªŭ/B6.Ģ ŏ +B  
 Fig4.6 @ Fig4.8 0ĉ &ƯĔFé/)& CP_series_carbonation ,<őĴţþ
¯ª0?)+ Al[6],2 10ppm ƠÆ1 AFm 1e	OÛA6ppm ?3 3ppm
ƠÆ1 monocarboaluminate 1e	Oŏ+BŇƖŸ0 Al[6]1ƙǔ2 None
_4w 1 54.7%?A2Ģ/ ƯĔú1Ǝžê6.Ģ//)+B8&
Al[4]1ƙǔ<őĴţþ¯ª0?)+ŏ+A%1ƙǔ CP_2.0_4w 1 56.
8%CP_1.5_4w 1 66.4%?3 CP_1.0_4w 1 79%8,ƯĔú1Ǝžê6.ê
/)+BC2Š 3 ĥ, ƌ &?0ƯĔú1 Na ĸƧ0?)+ C-A-S-
H - +ŧ¦C+& Al[4]~0AFm =Ř1ƦČ1ţþ@ Al[4]ŏ+
 
Fig4.9 27Al MAS NMR chemical shift (None_4w and CP_series_4w) 
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B-è@CB  ƯĔFé/)&Tthr,<ţþņ0 74ppm
?3 69ppm ƠÆ1ƊĠ,ÔĚC& Al[4]2 57ppm ƠÆ1e	O,ÔĚC+
BC-A-S-H ,1 Ca ţþ0?)+//)+-@ŧ¦C+
& Al[4]1çŐ<Ƭ HrkcVqQ	^Î0ÆçŐ0/)+BƏķ
è@CB168&Fig4.9 ,ĉ & None_4w - CP_series_4w 1ƙ¡F9B- Al
[4]1e	O 55~56ppm ƠÆ1 None 0ƙ5+CP_series_4w ,2 56.6~57ppm ƠÆ
- +ó1Ʋ0ƜƼ0#C+B-ƯĔú1Ǝž08E#ų0 ƌC+
AƯĔ &Tthr1ţþ0?B Al[4]ēA1çŐƯĔú1ĸƧ0?)+
Ƭ +BƏķè@CƯĔú1 Na ĸƧ1ÄǉŊCB8&Š
3 ĥ1ƯĔ +/Tthr,2 Al[5]ŇŚ Al ǘ1( 6~13%@ÔĚC&
ţþ0?)+//AőĴţþ$&ŇTthr, Al[5]1e	O2Ô
ĚC+/  
 ć2",0ţþ$&Ymt^i	W^FƯĔ & Pre_carbonation_series 1Ò
F Table4.5 ?3 Fig4.10 0ĉ"ƙ¡1&;0ƯĔņ1 None_1w ?3 Non
e_4w 1Ò<ġ0ĉ &8#None_1w , 32%~ĩ1 AFm 2ƯĔú-1ƕ
0?)+ Pre_1w_1.0 ,2 21.6%-Û)+BC2Š 3 ĥ,µǜ &?0Ư
Ĕú1 Na ĸƧ0?)+ AFm Ʊ +B-è@CBAFm ~0<None
Tthr,ţþ0?)+ĺĸC& 6~7ppm ƠÆ1 monocarboaluminate  None_
1w 1 10.0%@ Pre_1w_1.0 ,2 0.68,None_4w 1 17.2%@ Pre_4w_1.0 ,
2 2.5%8,6-G.1ǘÛĢ &C2XRD 1Ò@è+9B- Ca
(OH)2 1 Ca ',2/ CaCO3 1 Ca <ƯĔú-1ƕ0«Ǌ +A  monocar
boaluminate @< Ca ǍĚCƯĔú-ƕ 27Al NMR 1e	O- +  mon
Table4.5 27Al NMR chemical shift and relative intensities (Pre_carbonation_1.0) 
 Al[4] 
 Al[4]a (ppm) Al[4]a (%) Al[4]b (ppm) Al[4]b (%) 
Pre_1w_1.0 64.1 25.6 59.2 40.0 
Pre_4w_1.0 62.3 29.5 58.0 37.9 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]a 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Al[6]d 
(ppm) 
Al[6]d 
(%) 
Pre_1w_1.0 11.9 10.8 10.0 21.6 7.3 0.6 5.3 1.3 
Pre_4w_1.0 12.2 9.5 10.0 18.2 7.7 2.5 5.4 2.4 
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ocarboaluminate Û)+BƏķè@CB  
 ÛĢ & Al 2 Al[4]Ɨ,None_1w 1 42%@ Pre_1w_1.0 1 66%None_4w
1 45.3%@ Pre_4w_1.0 1 67.4%8,ŏ+B-@Al ĀǁŚ- +ƯĔ
ú-1ƕ@ĺĸCBİ MrVJlVqQ	^ÎĵǝƦ-Òì +B
-ǉŊCB  Pre_carbonation_series ,1 Al[4]e	O2 62~64ppm ƠÆ
- 58~59ppm ƠÆ1ƊĠ,ÝC+A%1e	O2ĩ³0łƾ & None_carbo
 
Fig4.10 27Al MAS NMR chemical shift (None_carbonation and Pre_series_carbonation) 
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nation = CP_series_carbonation 1e	O-2ôA@0Š 3 ĥ,łƾ &
ƅ!Ǝž,ƯĔ &881 CP_1.0 1 Al[4]e	O(74ppm ?3 70ppm)-<ô
BNone_carbonation -ƙ5+ 3~9ppmCP_carbonation_series -ƙ5+ 1~6ppm 8
,ó1Ʋ0Ƅ +A1e	O0*+2Al --<0 Na < Si 0Òì +
BHrkcVqQ	^ÎĵǝƦ(thomsonite; NaCa2Al5Si5O20•6H2O, natrolite; Na2A
l2Si3O10•2H2O, gmelinite; Na2Al2Si4O12•6H2O, albite; NaAlSi3O8, anorthite; CaAl2Si2O
8)1e	O-Ą+B 161ƦČ-¥Ň0ƅ/ƦČ0/)+B-12ƽ
ǑBňĸ=çŐĄ+BƏķè@CBţþ0?)+ Ca2+Ǎ
Ě ƯĔú1ƀƋ0?)+ Na+= Al3+Òì"BƏķè@CB29Si N
MR 1Ò= 23Na 3QMAS NMR 1Ò-1ƙ¡FŰ!+ Al ēAçŐ1ÔƂƝǏ
-è@CB8&Pre_carbonation_series ,< Al[5]Ɨ1e	O2ÔĚC+
/öà0Tthr1 Al[6]Al[4]1ƙǔ?3 Al2O3 1¬Ǉǘ@1ųǘ
F Table4.6 0ĉ"  
 
4.3.3.2 29Si NMR 
 None_carbonation ?3 CP_series_carbonation 1 29Si NMR ÒF Table4.7
Table4.8 ?3 Fig4.11 @ Fig4.14 0ĉ"  
Table4.6 Quantification of Al[6] and Al[4] (Carbonation samples) 
 Al[4] (%) Al[6] (%) Al[4] (mol, 10-2) Al[6] (mol, 10-2) 
None_1w 41.8 58.2 1.87 2.60 
None_2w 42.8 57.2 1.91 2.55 
None_4w 45.3 54.7 2.02 2.44 
CP_2.0_1w 50.3 49.7 2.24 2.22 
CP_2.0_2w 55.4 44.6 2.47 1.99 
CP_2.0_4w 56.8 43.2 2.53 1.93 
CP_1.5_1w 57.4 42.6 2.56 1.90 
CP_1.5_2w 63.8 36.2 2.85 1.62 
CP_1.5_4w 66.4 33.6 2.96 1.50 
CP_1.0_1w 69.5 30.5 3.10 1.36 
CP_1.0_2w 76.0 24.0 3.39 1.07 
CP_1.0_4w 79.0 21.0 3.53 0.94 
Pre_1w_1.0 65.7 34.3 2.93 1.53 
Pre_4w_1.0 67.4 32.6 3.01 1.45 
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 8#Table4.7 ?3 Fig4.11 1 None_carbonation ,2ţþņ0 C-S-H - 
+ÝC& Q1 @ Q2 @ Ca2+ǍĚC-100ppm 1 Q3 ?3-110ppm 1 Q4170ę
ì +BQ3 - Q4 1ƙǔ0*+ None_1w 1 41.2%1 Q3 1Ōśƙǔ None_2
w ?3 None_4w , 50.7%59.0%8,ŏ+AQ4 1Ōśƙǔ2 None_1w 1 3
2.0%None_2w 1 27.4%?3 None_4w 1 23.2%8,ÛĢ +B  Fig
4.11 1 d)0ĉ &Tthr1ƙ¡F×B- Q4 Ɨ1Ńśť28AƬE)+/
ŏ+B Q3 0*+Q0 1OqtM	1ÛĢ@è+×B-őĴţþ  
$+/ None 1 25.7%(Table3.11)@ None_1w 1 21.9%None_2w 1 18.3%
?3 None_4w 1 13.6%8,Û)+B- ƌCBÛ)+B Q0 2ċ(4.2)
180ĉ &?0 C2S = C3S  CO2 -ŮĿƕ +ţþ +ACalcite Î CaC
O3 -Òì +B SiO2 e	O- + Q3 1Ɨ,ÝC+BƏķè@C
B  
 3!(" ∙ -."# + 3!"# → 3!(!"' ∙ -."#	2!(" ∙ -."# + 2!"# → 2!(!"' ∙ -."#  (4.2) 
 
 Table4.8Fig4.12 @ Fig4.14 0ĉ"ƯĔ & CP_series_carbonation ,< Q1 ?
3 Q2 1e	O Q3 ?3 Q4 - +ęì +AC-S-H ÎĵǝƦ1ţþ 
ƌCBNone_1w , 3%Ŷž1 Q2 2 CP_2.0_1w 1 8.9%CP_1.5_1w 1 11.7%
?3 CP_1.0_1w 1 16.1%8,ƯĔú1Ǝžê6.ęì +/ Q2 1ƙǔ
êC2Ţĝ0ƯĔú0?)+Tthr,1 C-S-H 1Ńśǘŏ+B
Table4.7 29Si NMR chemical shift and relative intensities (None_4w and CP_series) 
 Q0~Q2 
 Q0 (ppm) Q0 (%) Q1 (ppm) Q1 (%) Q2 (ppm) Q2 (%) 
None_1w -70.9 21.4 -82.5 2.7 -85.4 2.7 
None_2w -70.7 18.3 -82.6 0.8 -84.7 2.8 
None_4w -71.1, -72.1 14.2 -79.6 0.5 -85.5 3.1 
 
 Q3~Q4 
 Q3 (ppm) Q3 (%) Q4 (ppm) Q4 (%) 
None_1w -102.2 41.2 -110.8 32.0 
None_2w -100.7 50.7 -109.5 27.4 
None_4w -102.2 59.0 -109.8 23.2 
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-Ú'-è@CB8&ƯĔ &Tthr1 Q0 ,< CP_2.0 ,2 1.5%
CP_1.5 ,2 1.0%?3 CP_1.0 ,2 3@Û)+B%1ÛĢǘ2 None
?AĢ/,NMR 1]	Z, Q0 (>)-ŏ +B-2e	O1
cIX@1áô'-è@CB  
 ƯĔ &Tthr1 Q3 - Q4 e	O0*+Q3(1Al)(-89~-92ppm)Q3(0Al)(-94
~-100ppm)Q3(1H)(-103ppm)?3 Q4(Quartz, -107ppm)Q4(-110ppm)/.µǜ 16,
 19, 20, 21C+B8&HrkcVqQ	^ÎƦČ1e	O- +Q4(4Al)(-8
0~-85ppm)Q4(3Al)(-85~-98ppm)Q4(2Al)(-93~-103ppm)Q4(1Al)(-96~-110ppm)
?3 Q4(0Al)(-100~-120ppm)µǜC+BƸÒ,< Q3(1Al)Q3(0Al)Q3(1
H)Q4 /.1e	O ƌC&  ę/)+Be	OFƧǓ ų
"B-2Ɖ B,2ŇƖŸ0-92~-104ppm Ɨ1e	OF Q3 - 
+%C~ĩ1e	OF Q4 - +łƾ"B  
 
Fig4.11 29Si MAS NMR chemical shift (None_carbonation) 
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 ƯĔ &Tthr1 Q3 - Q4 e	Oƙǔ1ƬF ƌ"B-ƯĔú1Ǝž0?
)+/BËäķ ƌC&8#Fig4.12 1 CP_2.0_carbonation 1ĪìQ3
1Ōśƙǔ(Q3(1Al)+Q3a+Q3b+Q3(1H))CP_2.0_1w 1 42.3%CP_2.0_2w 1 41.0%
?3 CP_2.0_4w 1 39.6%8,ǅ 3%ÛĢ Q4(Q4a+Q4b+Q4c+Q4d),2 CP_2.0_1w
1 25.2%CP_2.0_2w 1 32.0%?3 CP_2.0_4w 1 36.7%8,ǅ 11%ŏ +
Q4 1ŌśŸ/ŏǔê/BFig4.12 1 d)0ĉ &ƙ¡@,<ţþ¯ª
ŭ/B6. Q3 Ɨ0ś + Q4 Ɨ1Ńśťê/B- ƌCB
C2Ř1ƩÕ,< ƌCB C-S-H ÎĵǝƦ1ƖŸ/ţþ½Ƅ- +Q2 
@ Ca2+ CaCO3  + Q3 0/A8& Q3 @1 Ca2+ CaCO3  +B-è
Table4.8 29Si NMR chemical shift and relative intensities (CP_series_carbonation) 
 Q0~Q2 
 Q0 (ppm) Q0 (%) Q1 (ppm) Q1 (%) Q2 (ppm) Q2 (%) 
CP_2.0_1w -70.3 20.2 -79.1 3.4 -84.2 8.9 
CP_2.0_2w -70.2 18.8 -78.5 0.7 -84.1 7.5 
CP_2.0_4w -70.0 18.7 -79.2 0.8 -84.1 4.2 
CP_1.5_1w -70.6 17.7 -79.7 6.0 -84.4 11.7 
CP_1.5_2w -69.8 17.8 -79.2 2.9 -83.7 7.4 
CP_1.5_4w -69.8 16.7 -79.2 1.1 -83.9 4.8 
CP_1.0_1w -70.7 14.3 -79.5 3.1 -84.3 16.1 
CP_1.0_2w -70.5 13.6 -79.4 1.0 -84.6 7.3 
CP_1.0_4w -71.1 11.1 -78.6 0.6 -84.8 6.3 
 
 Q3(1Al) 
(ppm) 
Q3(1Al) 
(%) 
Q3a 
(ppm) 
Q3a 
(%) 
Q3b 
(ppm) 
Q3b 
(%) 
Q3(1H) 
(ppm) 
Q3(1H) 
(%) 
CP_2.0_1w -91.9 1.5 -97.2 19.8 -100.6 3.6 -104.2 17.4 
CP_2.0_2w -94.1 9.4 -98.2 10.9 -100.7 6.3 -104.4 14.4 
CP_2.0_4w -94.7 19.3 -98.2 3.9 -100.4 5.8 -103.2 10.6 
CP_1.5_1w -93.7 2.9 -97.6 13.2 -  -101.6 15.8 
CP_1.5_2w -93.3 6.0 -97.7 19.3 -  -102.3 17.6 
CP_1.5_4w -94.5 14.8 -98.5 15.3 -101.3 11.7 -104.9 8.7 
CP_1.0_1w -92.2 4.0 -96.6 11.4 -99.8 14.8 -103.3 9.6 
CP_1.0_2w -93.0 7.2 -96.2 11.6 -99.2 14.5 -102.3 9.1 
CP_1.0_4w -92.2 9.8 -97.2 21.8 -100.9 15.0 -104.5 13.5 
 
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 
 108 
@CBć0 Fig4.13 1 CP_1.5_carbonation F ƌ +×B-Q3 ,2 CP_1.5_1w
1 31.9%CP_1.5_2w 1 42.9%?3 CP_1.5_4w 1 50.6%8,ǅ 19%ŏ 
Q4 ,2 CP_1.5_1w 1 32.7%CP_1.5_2w 1 29.0%?3 CP_1.5_4w 1 26.9%8,
ǅ 6%ÛĢ +B  Fig4.13 1 d)0ĉ &ƙ¡,2 Q3Q4 1Ńśť2
ŏ +B-@ Q4 1Ōśƙǔ1ÛĢ2Q3 1ŏǔ0ś + Q4 1ŏǔ
Ų@'-è@CB8&Fig4.14 1 CP_1.0_carbonation 1Īì0<Q3 ,
2 CP_1.0_1w 1 39.9%CP_1.0_2w 1 42.4%?3 CP_1.0_4w 1 60.2%8,ǅ 20%
ŏ Q4 ,2 CP_1.0_1w 1 26.7%CP_1.0_2w 1 35.6%?3 CP_1.0_4w 1 2
1.8%8,ŌśŸ0Ģ Û)+B@0Fig4.12 1 CP_2.0_4w - Fig4.13 1 CP
_1.5_4w 1 Q3 ?3 Q4 Ɨ,<e	O1ÍF×B- CP_2.0_4w ,2ŌśŸ01
Q4 Ɨ1ǁĽş/BCP_1.5_4w ,267ƅ!ê ƌCB<(
DG1ê@ĽýǁĽF×Ï@12ƽǑBCP_1.0_carbonation ,
<1Ëäķ ƌCBFig4.14 1 d)F9+<ţþ0?)+ Q3 ?3 Q4
Ɨ1ŃśǁĽş/BQ4 ?A Q3 Ɨ1êŌśŸ0ê/)+B
C2CP_1.5_carbonation = CP_1.0_carbonation ,< Q2 @ Ca2+ CaCO3  +
Q3 0/A8& Q3 @1 Ca2+ CaCO3  + Q4 0/)+BC~0 Ca
2+ CaCO3  Ca //)& Si ĀǁŚ Ca ?AÒìǙŲƦČ-Òì 
+Q3 Ɨ1e	O- +ÝC+BƏķB1ł0ś +W. Nocu
ń-Wczelik9 2 Na ILtŗù +B§À,Na+ C-S-H 0ƋAï9çŐŸƬ
F<&@"Əķ0*+āŷ +B8&Š 3 ĥ, ƌC&?0ƯĔ0
?)+ÍĸCB C-S-H ÎĵǝƦ1ĪìNa+1Ä, Si4+- Al3+ŧ¦CC-A
Table4.8 29Si NMR chemical shift and relative intensities (CP_series_carbonation) 
 Q4a 
(ppm) 
Q4a 
(%) 
Q4b 
(ppm) 
Q4b 
(%) 
Q4c 
(ppm) 
Q4c 
(%) 
Q4d 
(ppm) 
Q4d 
(%) 
CP_2.0_1w -108.4 12.3 -110.9 3.8 -112.8 9.1 - - 
CP_2.0_2w -  -109.4 20.9 -112.8 11.1 - - 
CP_2.0_4w -107.5 16.2 -110.7 13.5 -113.9 6.9 - - 
CP_1.5_1w -105.7 9.3 -110.1 20.6 -114.0 2.9 - - 
CP_1.5_2w -106.8 14.1 -110.1 11.0 -113.4 3.9 - - 
CP_1.5_4w -107.5 8.7 -110.0 9.0 -112.5 9.2 - - 
CP_1.0_1w -106.2 6.4 -109.2 11.1 -112.6 9.2 - - 
CP_1.0_2w -105.1 9.8 -108.5 14.7 -111.8 8.9 -114.9 - 
CP_1.0_4w -107.9 10.0 -110.4 7.9 -113.1 3.9 - - 
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-S-H çŐ0Æ/)+B1ŧ¦0ś +Si4+- Al3+1żdptWì
E//AżdptWFìE$B&;0 Na+¸ũ"B22, 231Ĭŝ2 Na+
1¸ũ0?)+ţþ"Bø0 C-S-H ,1 Ca2+1ǍĚőĴCBƏķA24,
 25ţþ0?)+ǍĚCB Ca2+1ŞEA0 Na+= Al3+ƋAï9Ca-modified
 SiO2 1çŐƬE)+B-ǉŊCB26ƯĔúƎžê6. Na+1òƋ
ǘř4.3.3.1 1 27Al NMR , ƌC&?0 4 ǁŚ- +ŗù"B Al3+<ř
/)+B-@ƯĔú1Ǝžê6. Al «Ǌ +BƗ1e	O
ê/B-ǉŊCBAl «Ǌ +Be	O0*+Ř1ƩÕ,<
?µǜ +B Q3(1Al)1e	OF×B-CP_2.0_carbonation ,2 1.5%@ 9.
4%19.3%8,CP_1.5_carbonation ,2 2.9%@ 6.0%14.8%8,CP_1.0_carb
onation ,2 4.0%@ 7.2%9.8%8,ŏ+B  27Al NMR 1Ò@
è+×B-ƯĔú1Ǝžê CP_1.0_carbonation 1ƲĀǁŚ- +ŗù"
 
Fig4.12 29Si MAS NMR chemical shift (CP_2.0_carbonation) 
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B Al řQ3(1Al)1e	O,2ƯĔú1Ǝžê6.4 Ėªţþ
$&Tthr,1ƙǔŲ/)+BC2 4 Ėª8,ţþĴ:-Si Ā
ǁŚ Q4 8,ęìCAl Òì & Q4(mAl)(m=0, 1, 2, 3, 4)1e	O0/)+
BƏķB@0ƯĔú1Ǝžê6. Na+<ř/Aţþ0?
B Na1¸ũ<«Ê +BƏķB  ĩ³0³ě &?0 Q4(m
Al)1e	O=HrkcVqQ	^ÎĵǝƦ1e	O2Ř1e	O-ę/)+A
e	OFŤÞ"B-2ñƉ,B1-@ŇƖŸ0 Q3 Ɨ1e	O
ƯĔúƎžê6.ş/Aţþ0?)+ǍĚ & Ca2+1ŞEA0 Al3+
?3 Na+Òì +-ǉŊCBĨ e	O- +łƾ"B-2
ƸÖ»1ŔųīÓ,2ƽǑA2 ćÙ1 29Si MQMAS NMR = 23Na 3QMAS N
MR /.1Ŕų@ůÖ»ƝǏ-è@CB  
 ć2",0ţþ$&Ymt^i	W^FƯĔ & Pre_carbonation_series 1 29
 
Fig4.13 29Si MAS NMR chemical shift (CP_1.5_carbonation) 
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Si NMR 1ÒF Table4.9 ?3 Fig4.15 0ĉ"Fig4.15 1 c)02ƙ¡1&;0Ư
Ĕ"Bņ(ţþ &88)1 None_1w ?3 None_4w <¬8$+ĉ &  
 8#ƯĔ0?)+ Q0  None_1w 1 21.4%@ Pre_1w_1.0 1 13.38,Non
e_4w 1 14.2@ Pre_4w_1.0 1 8.1%8,ÛĢ +BC2Š 3 ĥ,łƾ 
&?0ƯĔú1 Na ĸƧ0?)+ĵǝĴé +B-ǉŊCƸÒ
, Q1 = Q2 - +ÝC+Be	O2ƯĔú- Ca2+1ƕ@ĺĸCBĵǝƦ'
,2/OqtM	@1 C-S-H <«Ê +B-ǉŊCBQ1 @ Q4 1
e	O0*+ Pre_1w_1.0 - Pre_4w_1.0 1ƙ¡,2Ģ ôB8#Pre_1w
_1.0 1Īì-79.4ppm 1 Q1  4.8%-84.4ppm 1 Q2  57.9%, Q2 Ɨ1e	O
ê/)+B8&-91.0ppm 1 Q3(1Al)< ƌC+A27Al NMR 1 Al[4]
,ÝC& Al -«Ê +B-è@CB-95.1ppm 1 Q3 1e	O< ƌCB
%1ƙǔ(3.2%)2ê/%1ƲPre_4w_1.0 ,2 Pre_1w_1.0 -ƙ5+ Q
 
Fig4.14 29Si MAS NMR chemical shift (CP_1.0_carbonation) 
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3Q3a=23.9%Q3b=7.3%ř/A Q4(1.6%)<ÔĚCBC2None_4w
Table4.9 29Si NMR chemical shift and relative intensities (Pre_carbonation_series) 
 Q0~Q1 
 Q0 (ppm) Q0 (%) Q1 (ppm) Q1 (%) 
Pre_1w_1.0 -70.7 13.3 -79.4 4.8 
Pre_4w_1.0 -71.4 8.1 -81.5 11.3 
 
 Q2~Q4 
 Q2 
(ppm) 
Q2 
(%) 
Q3(1Al) 
(ppm) 
Q3(1Al) 
(%) 
Q3a 
(ppm) 
Q3a 
(%) 
Q3b 
(ppm) 
Q3b 
(%) 
Q4 
(ppm) 
Q4 
(%) 
Pre_1w_1.0 -84.4 57.9 -91.0 20.8 -95.0 3.2 -  -  
Pre_4w_1.0 -85.2 22.7 -89.8 25.2 -94.3 23.9 -100.9 7.3 -108.9 1.6 
 
 
Fig4.15 29Si MAS NMR chemical shift  
(None_carbonation and Pre_series_carbonation) 
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1Ʋţþ0?B Ca2+1ǍĚ@ Si 1ęìĴG,B-@8' Ca2+=
Al3+-ƕ +/ Si ÔĚC+B-è@CB-81.6ppm 1e	O2Pre_
1w_1.0 1 Q1 e	O-2Ģ #C+B1e	O2Š 3 ĥ1 29Si NMR , ƌ
CB Q2P(1Al)1e	O9&0 Al «Ê +BƏķB-85.1ppm 1 Q2
2 22. 7%,Pre_1w_1.0 ?A2Ų/B-89.7ppm 1 Q3(1Al)e	O2 25.2
,ê/B27Al NMR 1 Al[4]e	O1Ò@ǉŊC&HrkcVqQ	^
ÎƦČ0*+29Si NMR ,2-82~-99ppm Ɨ,ÝCB-ưíC+B 16
8&ƖŸ/ 2 ćÙçŐ1²ŒŸ/ C-S-H 2 12 ~ĩ1ê pH ,ąCB27,
 28ƸTthr,2ţþ0?A pH ĘƧŲ/B1Ĭŝ,ƯĔú-1ƕ
0?)+ĺĸCB C-S-H ÎĵǝƦ2Ċǈ/çŐFą(ƯĔú1 Na+?3 AFm
@1 Al3+Òì &(C, N)-A-S-H çŐFą*Əķè@CB  Ĩ 
e	O0*+2ůÖ»ƝǏ-èB  
 
 
Fig4.16 Schematic diagrams illustrating the polymerization of tobermorite-based 
dimer by the insertion of both silicate and aluminate monomer at bridging sites22 
 
Table4.10 23Na 3QMAS chemical shift (CP_1.0_carbonation) 
 Site() Site() Site() Site() Site() 
 δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
CP_1.0 4.9 8.7 -3.0 6.5       
CP_1.0_1w 4.6 8.4 - - 0.3 3.97 -4.4 3.23 -4.9 -0.76 
CP_1.0_4w 4.7 8.4 - - -0.6 3.43 -4.53 2.64 -5.34 -1.24 
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4.3.3.3 23Na 3QMAS NMR 
 Table4.10 ?3 Fig4.17 0ƯĔ & CP_1.0 1 Na ţþ0?)+Ƭ +
B-F ƌ"B&;0 CP_1.0_1w ?3 CP_1.0_4w 1 23Na 3QMAS NMR 1Ò
Fĉ"  
 8#CP_1.0 ,2 Site(Ǟ)?3 Site(ǟ)1ƊĠ1e	OÔĚCBţþ
 
Fig4.17 23Na 3QMAS chemical shift 
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0$& CP_1.0_1w,2 CP_1.01 Site(Ǟ)2ąCB Site(ǟ)1e	O2
Site(Ǡ) Site(ǡ) Site(Ǣ)- + Na-O Òì1ŭƬ  çŐƬE)+B
- ƌC&1Ëäķ2 CP_1.0_4w,< ƌC+A Site(ǟ)1 Nae
	Oţþ@Ƭ +B- ƌCBƸčØ1Ò C-S-H ÎĵǝƦ
2ţþ0?)+ÄFĐ+B Site(ǟ)1e	O C-S-H,1 Alŧ¦0?)+
¸ũC+B Na '-ų"B- Ƭ +B Site(Ǡ) Site(ǡ) Site(Ǣ)2 C-
S-H , Ca2+ǍĚC& Ca-modified SiO20Òì +Be	O1Əķè@
CBSite(ǡ) Site(Ǣ)0*+ Trona = Na «Ê1ţþƦČ- +ÝCBƩÕ
B29 e	O1çŐ0/)+B2 ůÖ»=ƝǏ-è@CB  
 
 FT-IR 
ţþ$&hs	^T‒hr1 FT-IRŔųÒF Table4.11?3 Fig4.180ĉ
" 24, 30, 31ƙ¡1&;0Š 3 ĥ,łƾ &ţþņ1Ò<¬8$+ĉ &Q
Iþ`^qJlFƋC+/ PL_W_carbonation ,2 ţþ0?)+ 1378cm-1 8
72cm-1?3 713cm-11 vibrationÁ/)+A Ɵǁ,1 CaCO31ĺĸ ƌ
CBC-O 1Òì~02 ţþņ1 980cm-11 vibration ţþ0?)+Û
)+ 999cm-1 1080cm-1?3 1249cm-11 Si-O-Si asymmetric stretch 1 vibration 
Table4.11 Wavenumber and assignments in FT-IR spectra of Plate 
samples(carbonation) 
Wavenumber(cm-1)  
PL_W_carbonation PL_No.1_carbonation PL_No.2_carbonation  
1w 2w 4w 1w 2w 4w 1w 2w 4w Assignment 
662 662 662 662 662 662 662 662 662 Si-O-Si 
713 713 713 715 716 715 713 711 711 v- C-O (CO32-) 
- - - 784 784 784 784 784 784 Al-O or Si-O? 
872 872 872 872 872 872 872 872 872 v- C-O (CO32-) 
999 1002 998 - - - - - - v3- Si-O-Si 
- - - 1007 1007 1011 1003 1002 1004 v3-asymmetric stretch 
T-O-T (T=Si or Al)    1038 1037 1040 1038 1038 1041 
1080 1080 1080 - - - - - - v3- Si-O-Si 
- - - 1196 1196 1196 1192 1192 1192 v3- T-O-T (T=Si or Al) 
1249 1249 1250 - - - - - - v3- Si-O-Si 
1378 1380 1378 1434 1433 1430 1434 1434 1433 v3- C-O (CO32-) 
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2Á/)+Bţþ0?)+ Ca2+//)& Ca modified SiO2 @´
 +B-ǉŊCB  
QIþ`^qJlFƋC& PL_No.1_carbonation ?3 PL_No.2_carbonation ,2
Ģ /BËäķ ƌC&8#ţþ0?)+ 1378cm-1872cm-1 ?3  
 
Fig4.18 FT-IR spectra of Plate sample(PL_series_carbonation) 
 
 
Fig4.19 FT-IR spectra of Plate sample(Pre_carbonation_No.1) 
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713cm-1 1e	OŏB-@Ɵǁ,1 CaCO3 ĺĸ×BƯĔú-1ƕ
0?)+ 960~974cm-1,ÍĸC& C-S-H ÎĵǝƦ1 vibration 2 ţþ0?)+
//A 1003~1007cm-1 1038cm-1?3 1196cm-1ÆĠ1 vibration - +ÝC+
B1003~1007cm-10*+ I. G. lodeiro322 N-A-S-H /.1ƦČ, ƌCB
vibration - + Al= SiÒì +B asymmetric stretch 1 vibration Fµǜ +
A 1196cm-1 ?3 790cm-1 ţþ0?)+ÍĸCB Si-O bond - +Hrk
`«Ê +B-ưíC+B 1227Al NMR 1Ò, ƌC&?0 
ţþ0?)+ Ca2+//)& Si4+- Al3+ÒìC FT-IR 1 vibration - +
ÔĚC+BƏķè@CBFig4.19 02",0ţþ$&T‒hrF
ƯĔ & Pre_carbonation_No.1 1ÒFĉ"ţþ¯ª0?Bô2Ƈ0 ƌC
/ ŇT‒hr, ƯĔ0?)+ C-O bond 1Òì//A C-S-H Îĵǝ
Ʀ1ĺĸ ƌCB  
 
 Raman Spectroscopy 
 Table4.12 ?3 Fig4.20 0 őĴţþ$&hs	^T‒hrƟǁ1 Raman 
Table4.12 Frequency ranges and assignments in Raman spectra of Plate 
samples(carbonation) 
Frequency(cm-1)  
PL_W_carbonation PL_No.1_carbonation PL_No.2_carbonation  
1w 2w 4w 1w 2w 4w 1w 2w 4w Assignment 
160 160 158 156 155 155 158 158 155 
C-O Lattice-type vibrations 
of carbonate group 
- - - 209 207 210 210 207 207 
283 284 285 281 285 285 285 288 285 
- - - 361 362 362 362 359 362 Si-O Lattice-type vibration 
- - - 434 435 438 429 427 443 Si-O-Si bend 
- - - 534 535 535 538 535 535 O-Si-O bend 
- - - 663 665 - 670 665 670 Si-O-Si Symmetric bend 
718 719 719 707 708 708 719 708 711 C-O In-plane bend  
- - - 862 862 859 865 862 862 Si-O Symmetric stretch(SS) 
- - - 917 920 - 926 923 926 Si-O SS of Q1 
- - - 995 997 986 997 997 987 Si-O SS of Q2 
- - - 1075 1078 1078 1078 1073 1075 Si-O SS of Q3 
1091 1094 1094 1090 1091 1091 1091 1091 1091 C-O SS of carbonate group 
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WiO^rÒFĉ"33, 34ƙ¡1&;Fig4.20 02őĴţþ$+/Tt
hr1Ò<¬8$+ĉ &8#QIþ`^qJlFƋC+/ PL_W_carbon
ation ,2ţþ0?)+ 534cm-1, 664cm-1, 865cm-1, 991cm-1 ,ÔĚC& Si-O 
bend ?3 Si-O stretch 1WiO^r//A162cm-1, 287cm-1, 720cm-1 ?
3 1096cm-1 1 C-O «Ê1WiO^rŏ+B-@Ɵǁ,1ţþ ƌ
CBƲQIþ`^qJlFƋC& PL_No.1_carbonation ?3 PL_No.2_car
bonation ,2/BËäķ ƌC&8#162cm-1, 287cm-1, 720cm-1 ?
3 1096cm-1 1WiO^r2őĴţþ¯ªŭ/B6.Á/AƟǁ,1ţ
þ ƌCB  210cm-1 1İ WiO^r ƌCBC2
Aragonite Î1 CaCO3 1WiO^r- +35őĴţþ0?BƟǁ C-S-H 1ţþ
0?)+ĺĸC&Əķè@CB8&PL_No.1_carbonation 1Īì
ţþ0?)+ 365cm-1, 534cm-1, 664cm-1, 865cm-1, 991cm-1 /.1 Si-O bend ?
3 stretch 1WiO^rÁ/)+BPL_No.2_carbonation ,<664cm-1 1 Si
-O-Si bend 2Ģ  Û)+BŇƖŸ0 Si-O «Ê1WiO^rÁ/)+
Bŏ+BWiO^r0*+C. Balachandran362 Na-Ca RrFǎ& Ram
an Ŕų@ŲƗ1WiO^rF Q1(675cm-1), Q2(600cm-1, 650cm-1), Q3(520~560
 
Fig4.20 Raman spectra of Plate samples(PL_series_carbonation) 
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cm-1), Q4(445cm-1)F Si-O-Si bend - +µǜ +BC2ƯĔú- Ca2+@ĺ
ĸC&Ɵǁ1 C-S-H ţþ0?)+ Ca2+//BƯĔú1 Na+ĸƧ C
a2+//)& Si-O -Òì Ɵǁ1WiO^r- +ÝC+BƏķè
@CB8&1060~1090cm-1 Ɨ1WiO^r0*+Na «Ê1ţþWiO
^r(Natrite, Trona /.)1Əķ<µǜ +Aĩ³ & 23Na 3QMAS NMR 1
Site(ǡ)Site(Ǣ)e	O-«ÊB-è@CB  
 ć0 Table4.13 ?3 Fig4.21 0",0őĴţþ$&TthrFƯĔ & Pre
_carbonation_No.1 1 Raman WiO^r1ÒFĉ"ƙ¡1&;0ƯĔņ1ţ
þ &881 PL_W_carbonation 1Ò<¬8$+ĉ &ÒF×B-Ň¯
ª, C-O «Ê1WiO^rÛ)+ASi-O «Ê1WiO^rŏ+BX
RD 1Ò, ƌC&?0Ɵǁ1 CaCO3 1 Ca <ƯĔú-1ƕ0«Ǌ +
BƏķè@CB  162cm-1, 287cm-1, 720cm-1 ?3 1096cm-1 1 C
-O «Ê1WiO^rÛ)+BƲAragonite Î1 CaCO3 ǉŊCB 210cm-
1 1WiO^r2ŏ+A 35ƯĔú1ĸƧ- Aragonite Î1 CaCO3 1«Êķ
Table4.13 Frequency ranges and assignments in Raman spectra of Plate 
samples(Pre_carbonation_No.1) 
Frequency(cm-1)  
Pre_carbonation_No.1  
1w 2w 4w Assignment 
155 155 155 
C-O Lattice-type vibrations of carbonate group 
(Involve Ca-O polyhedral) 
210 207 207 
285 285 282 
359 359 359 Si-O Lattice-type vibration? 
432 443 449 Si-O-Si bend 
535 535 535 Internal deformation of O-Si-O bend 
667 670 662 Si-O-Si symmetric bend 
716 708 708 C-O In-plane bend of carbonate group 
- - 752  
862 862 862 Si-O Symmetric stretch 
921 923 924 Si-O Symmetric stretch of Q1 
995 995 992 Si-O Symmetric stretch of Q2 
1073 1075 1073 Si-O Symmetric stretch of Q3 
1091 1091 1091 C-O Symmetric stretch of carbonate group 
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ǉŊCBůÖ»ƝǏ-è@CB  
 
4.4 !#   
 Ca-modified SiO2	 Al/Si  Na/Al 
 čØ1Ò@ƯĔ &Tthr,ĺĸCB Al ŧ¦C& C-A-S-H çŐ
2ţþ0?)+ Na+= Al3+1Ä0?)+ Ca modified SiO2 1çŐ=ňĸƯĔ
 +/Tthr-2/B-ǉŊCB  
 1çŐƬ0ś +Ca ƴơ/ C-A-S-H = C-S-H ,B 2 ćÙ1²ŒŸ/
çŐ2 12 ~ĩ1 pH ,ąCB-Ŧ@C+B(Fig4.22)27Table4.3 0ĉ 
&Tthr1 pH Ŕų1Òţþņ1 CP_series 2Ň+ 12 ~ĩ0/)+B
ţþ0?)+ pH  12 ~0/A8&Ca2+1ǍĚ0?)+ main layer -
 + Ca-O Fą*²ŒŸ/çŐ@Fig4.23 1?0<)-Ċǈ/ 3 ćÙ1çŐ0
/)+B-ǉŊCB1çŐƬ1Ŷ,<-<- C-S-H 0ŧ¦C
+& Al ĀǁŚ- Si ĀǁŚ-1Òì2ąC@0ƯĔú1ĸƧ,B N
a+<żdptWą1&;Òì"B-ǉŊCBŠ 3 ĥ,<łƾ &?
0 Na 1ǘ0ś + C-S-H 0ŧ¦CB Al ŏB-2",0ưíC+B
 
Fig4.21 Raman spectra of Plate samples(Pre_carbonation_No.1) 
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37  
 1çŐƬ0ś +ƯĔ &Tthr0+ 27Al NMR ,1 Al[4]0ś"
B 29Si NMR 1 Q1~Q4 1 mol ƙ?3ƀƋ &ƯĔú1ŇŚ Na ǘ0ś"B Al[4]
1 mol ƙF Table4.14 0ĉ"  
 ŇTthr,ţþ¯ªŭ/B6. Al/Si ƙĢ ŏ +BI.G. 
Lodeiro27 1Ö»0?B-Ca ŕA/(C, N)-A-S-H Rr20<Na2O/Al2O3<1.8
50<CaO/SiO2<0.30.05<Al2O3/SiO2<0.43 1Ɨ?3 pH12 ~,çĸCB
ƸÖ»1ųǘ1Ò,2 Al/Si 1­Ĝ2ƺŕ +ACaO 1ǘ2ųǘñƉ,
)&ƯĔ &Tthr C-A-S-H @1 CaCO3 1ĺĸǘ@è+×B- Ca ŕ
A/īÓFƺŕ"B-ǉŊCB8&Na 1Ǝž0*+26-G.
ƺŕ +BCP_1.0_1w = Pre_carbonation_series ,2ƗFĢ Ŭ+B
  ,ĉ & Na 1ǘ2ƀƋ &ƯĔú1ŇŚ Na 1ǘ,A  ƀƋ &
ƯĔú1 Na 2 XRD 1Ò, ƌ &?0 Trona /.1 Na «Ǌ +Bţþ
ƦČ=Ř1çŐ,ŗù +BƏķB-@Table4.14 0ĉ & Na/A
l ?A2Ų/A­ĜƗFƺŕ"B-ǉŊCB  
   Pre_carbonation_series ,2CP_series_carbonation -2%1çŐ/
B-è@CBNone_1w = None_4w 2ţþ?)+C-S-H @ Ca2+/
/A pH  12 ~0/)&Ċǈ/ 3 ćÙçŐFą*1Ĭŝ@ƯĔú-  
Ca(OH)2 = CaCO3 /.1 Ca -1ƕ0-)+ĺĸCBMrVJlVqQ	^
ĵǝƦ28& Ca ƴơ/Ĭŝ0ǃB-ǉŊCB  Ca(OH)2 1ÛĢ
Table4.14 Al/Si and Na/Al in Ca modified SiO2 
 Al/Si (mol) Na/Al (mol) 
CP_2.0_1w 0.116 1.35 
CP_2.0_2w 0.126 1.23 
CP_2.0_4w 0.129 1.20 
CP_1.5_1w 0.118 1.58 
CP_1.5_2w 0.131 1.42 
CP_1.5_4w 0.135 1.36 
CP_1.0_1w 0.118 1.95 
CP_1.0_2w 0.128 1.79 
CP_1.0_4w 0.129 1.72 
Pre_1w_1.0 0.110 2.07 
Pre_4w_1.0 0.106 2.01 
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?3ƯĔú1 pH 1Ä,Pre_carbonation_series 1 pH 2<)-Ų/A main 
layer - + Ca-O ŉFą* 2 ćÙçŐ02ǃ@/-ǉŊCBI.G. Lodeir
o32 0?B- Ca ƴơ/ĬÂ,2 Na+= Al3+?AÒìǙÁ Ca2- Si -1ƕ
ď0/ACa2+ĘƧ0ŗù"BĪì2 Na+-ƕ"B-2Ɖ Ca2+
ƴơ +<pH  12 ~0/B- Na+= Al3+-1ƕŏ+Ċǈ/çŐ0/B
-µǜ +BPre_carbonation_series 1Īì<1?/çŐƬ´)+
B-ǉŊCB  
 
 29Si NMR 	 None bridging oxygen 
 Table4.15 0Tthr1ċ(3.11)@1 NBO/Si38Fĉ"ÒF×B-ƯĔ &
Tthr-ƯĔ +/Tthr,/BËäķ ƌCB8#None_carbo
nation 1ĪìƖŸ0ţþ0?B Ca2+1ǍĚFè+×B-Ca //B
 
Fig4.22 Model proposed for the stability of (N, C)-A-S-H as a function of pH32 
 
 
Fig4.23 N-A-S-H gel structure 
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-@ÛĢ"B-ǉŊCBőĴţþ¯ªŭ/B- NBO/Si ŏ
+B1ŏ2 29Si NMR 1Ò,łƾ &?0OqtM	1ţþ=ĵǝ
ƕ@őĴţþ¯ª0?)+ Q3 1Ōśƙǔê/Aŏ +B-è
@CBƲƯĔ & CP_series_carbonation 1ĪìQ0 1ÛĢǘ2 None_carb
onation 0ƙ5+Ģ/ƯĔ & CP_2.0_carbonation ,2ţþ0?)+ CP_2.
0_1w 1 0.70 @ CP_2.0_2w 1 0.58CP_2.0_4w 1 0.50 8,NBO/Si Û)+
B- ƌC&Q1Q2 @1 Ca2+1ǍĚ0?)+ Q3Q4 ŏ+B-è
@CBCP_1.5_carbonation ,<ţþ0?)+  CP_1.5_1w 1 0.73 @ CP_1.
5_2w 1 0.66CP_1.5_4w 1 0.63 8,Û)+B%1ÛĢǘ2 CP_2.0_carbonat
ion ?A2Ģ/8&CP_1.0_carbonation ,2CP_1.0_1w 1 0.81 @ CP_1.0_
2w 1 0.60 8,Û)+BCP_1.0_4w 1 0.75 8,ŏ+B1?/ŏ
=ƯĔú1Ǝžê6. NBO/Si ê/B-0*+ Ca ~1ƦČFè
ǖ"BƝǏBŢĝ0è+×B-XRD 1Ò@ƯĔú1Ǝžê6
. CaCO3 1ĺĸǘř8&%1 CaCO3 2 C-S-H ÎĵǝƦ@ǍĚ +B
-ǉŊC&Ca-modified SiO2 ,Si -Òì +BƦČ Ca ''-ų
"B-ƯĔú1ƎžêC-S-H ÎĵǝƦ1ĺĸǘř CP_1.0_carbonation
1Ʋ Ca2+1ǍĚ<ř/ASi 0ś"B Ca 1ǘŕA//ANBO/Si Ų
/B  Ƹĥ1čØÒ?3 NBO/Si 1Ò@è+×B-ƯĔú1
Table4.15 NBO/Si in Ca-modified SiO2 
 NBO/Si in Ca-modified SiO2 
None_1w 0.55 
None_2w 0.59 
None_4w 0.67 
CP_2.0_1w 0.70 
CP_2.0_2w 0.58 
CP_2.0_4w 0.50 
CP_1.5_1w 0.73 
CP_1.5_2w 0.66 
CP_1.5_4w 0.63 
CP_1.0_1w 0.81 
CP_1.0_2w 0.60 
CP_1.0_4w 0.75 
Pre_1w_1.0 1.54 
Pre_4w_1.0 1.28 
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Ǝžê6.ţþ0?B NBO/Si ŏ+B-2 Ca-modified SiO2 ,Ca
~0 Na+= Al3+ Si -Òì +ANBO/Si ŏ +B-è@CB  
 
4.5   
 Ƹĥ,2ƯĔú- +QIþ`^qJlFǎ&TthrFőĴţþ$
ţþ0?B pH Ŕų?3 XRDßŚ NMRFT-IRRaman spectroscopy @1
Ŕų@ţþ0?BĵǝƦ1ƬFƐ| &Ƹĥ,Ɔ@C&ÒF~0³"  
 
1) Tthr1 pH 1ŔųÒţþ0?)+Ň+1Tthr pH12 ~0/
AƇ0ƯĔú1ƎžêTthr1 pH ŲÒ ƌC&ƯĔú1 p
H 1Ä?3ƯĔƕţþ@1 Ca(OH)2 1ÛĢÄFǊ+B-
ǉŊCB",0ţþ$&TthrFƯĔ &Īì<ƯĔņ?A pH Ų
/B- ƌC&  
2) XRD 1ŔųÒƯĔǇƽ0?)+ CaCO3 ĺĸǘ?3 Ca(OH)2 1Ĥƚǘ
0ô,B- ƌC&ƯĔú1Ǝžê6.CaCO3 1ĺĸǘŏ
+BCa(OH)2 1ÛĢǘ2ŲCaCO3 1ĺĸǘ?3 Ca(OH)2 1ÛĢǘ@
è+×B-ƯĔ &Tthr2 C-S-H ÎĵǝƦ@1 Ca2+1ǍĚř/B
-ǉŊCBƯĔ &Tthr2ƯĔú-1ƕ0?)+<-<- Ca(OH)2
Û)+BĬŝ,AĺĸCB C-S-H ÎĵǝƦ1ǘ2ŏ+B1Ĭŝ
@ŌśŸ0ř C-S-H ÎĵǝƦ@1 Ca 1ǍĚőĴCBƏķB8
&ƯĔ &Tthr1ĪìNa «Ǌ +BţþƦČ1ĺĸ ƌC
ƯĔú1ĸƧŮĿţþ +BƏķ<è@CB   
3) 27Al NMR 1 chemical shift 1ƧļÒŇTthr,ţþ0?)+ Al[6]
Ɨ1 AFm 1e	OÛAAl[6]1 monocarboaluminate 1e	Oŏ +B
8&ţþ0?)+ Al[4]Ɨ1e	Oŏ+AƯĔú1Ǝžê6.
ĀǁŚ- +ŗù"B Al[4]1ƙǔê- ƌC&  ƯĔǇƽ0
?)+ Al[4]Ɨ1e	OĢ #C+A  ƯĔú1ĸƧ0?)+ Al[4]ēA1
çŐƬ +B-ǉŊCB8&",0ţþ$&àƯĔ & P
re_carbonation_series ,<ƯĔú1Ä, AFm ÛAAl[4]ŏ+ĀǁŚ- 
+ C-S-H ÎĵǝƦ-Òì +B-è@CB   
4) 29Si NMR 1 chemical shift 1ƧļÒ  ţþ0?)+ C-S-H ÎĵǝƦ
@1 Ca 1ǍĚ ƌC&ƯĔú1Ǝž0?B Q3 - Q4 1ŌśŸ/ƙǔ0?)
+ƯĔ &Tthr1Īìţþ0?)+ C-A-S-H ÎĵǝƦ@ Ca ǍĚ  
CCa ?AÒìǙŲ Na ?3 Al  Si -Òì +B-ǉŊCB8
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&",0ţþ &Tthr1ĪìƯĔú-1ƕ0?)+ Ca ƴơ/Mr
VJlVqQ	^ÎĵǝƦFĺĸ"B- ƌC&  
5) 23Na 3QMAS NMR 1ƧļÒţþ0?)+ Na 1e	O<Ƭ +
 
Fig4.24 Schematic representation of carbonation behavior 
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B- ƌC&Na «Ǌ +BţþƦČB2Ca2+1ǍĚ0?)
+ĺĸCB Ca-modified SiO2 -Òì +B-ǉŊCB  
6) FT-IR 1ŔųÒƯĔ +/Tthr,2ţþ¯ªŭ/B6. C
-O «Ê1 vibration Á/)+BƯĔ &Tthr,2 C-O 1 vibration ~
0Si-O-Si ?3 Al-O 1 vibration Á/)+B- ƌC&NMR
1Ò, ƌC&?0 Ca //)& Ca-modified SiO2 ƯĔú1Ä, Al
-Òì +BƏķè@CB  
7) Raman 1Ò@ƯĔ +/Tthrţþ0?)+ CaCO3 -«Ê
 +B C-O «Ê1WiO^rÁ/)+BƲƯĔ &Tthr1őĴ
ţþ¯ªŭ/B6. C-O «ÊWiO^r1ŏ--<0 Si-O bend ?3 S
tretch 1WiO^rÁ/)+B- ƌC&Ɵǁ1ţþ0?)+Ƶ
/)& Ca2+1ŞEA0ƯĔú1 Na+ĸƧ Si-O -Òì +BƏķ ƌ
C&8&",0ţþ$&TthrFƯĔ &ĪìƟǁ1 CaCO3 Û)
+AƯĔƕ0«Ǌ +B-F ƌ &  
 
 ~ĩ1Ò@QIþÎƟǁ¬ıú1ƯĔǇƽ0?BţþƇķ?3ţþ
C&Ɵǁ41ƯĔmMaXlF Fig4.24 0ĉ"8#ƯĔǇƽ0?Bţþ
ƇķFÔƂ"B-ƯĔ &Tthr2ƯĔú-1ƕ0?)+ Ca(OH)2 Û)+
AC-S-H ÎĵǝƦŏ+B-@C-S-H ÎĵǝƦ Ca(OH)2 ?A CO2
@1ÄF?AĐ+B-ǉŊCB@0C-S-H ,1 Si - Al 1ŧ
¦0?)+¸ũC& Na 1Ä,ŏ+B C-S-H ÎĵǝƦ@1ţþő
ĴCBƏķACa-modified SiO2 1ĺĸř/B-ǉŊCB8
&C-S-H ,1 Ca2+ǍĚ@1 Ca-modified SiO2 0*+ƯĔǇƽ0?)+çŐ
Ƭ"B- ƌC&ƯĔú1 Na 1Ä0?)+ţþ0?B pH 1
Ų--<0 Ca //)& Si - Al3+= Na+Òì çŐŸ0ƣŰ1 C-S-H -
ƙ5+Ċǈ/ Fig4.23 1?/ N-A-S-H =(C, N)-A-S-H 0ÆçŐ0/)+B
Əķè@CB8&",0ţþC&Tthr0ƯĔFé)&ĪìCa
(OH)2 1 Ca ',2/ CaCO3 1 Ca <ƯĔú-ƕ +B- ƌC&
Q2 Ɨ1åe	O ƌC+AC-S-H ÎĵǝƦ1ĺĸ ƌCBţ
þ0?B pH 1Ų0?)+%1çŐ2²ŒŸ/Òģķ1ê C-S-H -2/
B-2ǉŊCB@0Al[4]Ɨ1e	O1Ƅ ƌC+AAl 1
ēA1çŐƬ +B-ǉŊCB  
   ƸÖ»,é/)+BőĴţþōŧFǎ&ê CO2 ,1ţþčØ
2čøş±Ū1ŲƎž,1ţþ-/BţþmMaXlĺ!BƏķè
@CBê CO2 Ǝž,1ţþƕ,2Ca(OH)2 ?A C-S-H ÎƦČ1ţþ
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?AŋĴéCBƏķA 11, 12ƸÖ»,<%1Ëäķĺ!+B
ƏķBQIþÎ¬ıú-ƕ$&Tthr2ƕ0?)+ƽŽƢ0ƙ
5+ Ca(OH)2 Û)+BĬŝ0/AŌśŸ0MrVJlVqQ	^Î1ĵǝƦ
ŏ+B&;čø1ŲƎž1 CO2 §À,<ƽŽƢ0ƙ5+Û)+& Ca(O
H)2 1ţþ?AŖĕEAMrVJlVqQ	^ÎĵǝƦ1ţþ?AŖ
ǆńCB-ǉŊCB8&Š 2 ĥ,Ħ &ƶǛčØFé/)&
ƩÕ1?0QIþÎ¬ıú1ŽƢàğ¯,2ãB3 ƍ~ĩ1ŭ
¯,Ŝ¶ķ0ś"Bǆķ//)+BÒ@è+9B-čø1Ŝ¶ķ
1Ų2%C6.Ŗ/-ǉŊCB%1ãŭ¯8,ąCB
-2èƉƆ@C&Ò-Ò@1ǉŊ?3èüFÇƪ + Table4.16 0
ĹǑ &  
 ~ĩ0?AQIþÎƟǁ¬ıúFŹǎ &ĂØŚ1ţþmMaXlFųǘ
Ÿ0ÔƂ &,Ɔ&Ò2Š 5 ĥ?3Š 6 ĥ1ÔƂ0¤ǎ"B  
 
Table4.16 Result and Discussion 
čØÒ  Ò@1ǉŊ?3èü  
ǉƷą¨ǑFǂŸ< +  
• ¬ıú1Ǝžê6.ţþ
0?B pH 1Ų ƌ  
• ¬ıú-ƕ$&Tthr1
CaCO3 1 ĺ ĸ ǘ ř  / A  Ǝ
žê6. CaCO3 1ĺĸǘ
ř  
•  NMR 1Ò@ţþ0?
)+ C-A-S-H ,1 Ca ǍĚC
Ca 1ŞEA0 Na ?3 Al  Si
O2 -ÒìCB-F ƌ  
• ČƟǁ,1ţþ0?)+ C
-O ?3 Si-O-SiAl-O 1Òì
 ƌ  
ăàą¨ǑFǂŸ- +  
• ",0ţþC&Tthr1
Īì¬ıú-1ƕ0?)+ C
-S-H ÎƦČ1ĺĸ ƌ  
• ¬ıú@1 pH 1ŲČƥ1Ūķ
0ÄFǊBƏķè@CB  
• Čƕ0?)+ŌśŸ0ŏ+B
C-S-H ÎƦČ@1 Ca 1ǍĚ?3 Na
- Al Òì0?)+ SiO2 1çŐƬE
AƈƥçŐ1ƬǉŊCB  
• QIþÎƟǁ¬ıú1ďĸƧ,B
Na  C-A-S-H 0¸ũCB-2ţþ
FőĴCBƏķB  
• ",0ţþC&Tthr1Īìp
H ŲC&Ĭŝ,1Čƕ0?)
+ĺĸCB C-S-H ÎƦČ2 Ca-Na-Al 
Òì & 3 ćÙ1Ċǈ/çŐ0/B-
ǉŊCB  
• (C, N)-A-S-H 1?/ňĸ?3çŐ
0/)&ƦČ2 C-S-H B2 C-A-S-H
?Aţþŋ/B-ǉŊCB
ůÖ»ƝǏ-è@CB  
 
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 
 128 
4.6 $!5  
[1] A.M. Neville, Properties of Concrete, Addison Wesley Longman, 1995 
[2] Y.F. Houst, F. H. Wittmann, Depth Profiles of Carbonates Formed During Natural 
Carbonation, Cement and Concrete Reserch, Vol.32, No.12, pp.1923-1930, 2002 
[3] ¹ſ đÆƁ šǄű ǌ¹ǒ į , 13 ƍƶǛ &QIþÎƟ
ǁ¬ıú1ķƏ0«"BèüStOq	^çŐƦ1ƯĔƯÁH[hPs	
_ǜƩưíėVol.15pp.7-122015 
[4] J.G. Dai, Y. Akira, F.H. WittmannH. Yokota, P. Zhang, Water repellent surfac
e impregnation for extension of service life of reinforced concrete structures in mari
ne environments: The role of cracks, Cement and Concrete Composites, Vol.32, No.
2, pp.101-109, 2010 
[5] D. Massiot, B. Touzo, D. Trumeau, J.P. Coutures, J. Virlet, P. Florian, P.J. Gran
dinetti, Two-dimensional magic-angle spinning isotropic reconstruction sequences for 
quadrupolar nuclei, Solid State Nuclear Magnetic Resonance, Vol.6, No.1, pp.73-83, 
1996 
[6] J.N.Y. Djobo, A. Elimbi, H.K. Tchakoute, S. Kumar, Mechanical activation of v
olcanic ash for geopolymer synthesis: effect on reaction kinetics, gel characteristics, 
physical and mechanical properties, Royal Society of Chemistry, Vol.45, No.6, pp.39
106-39117, 2016 
[7] Jong-kyu Lee, Yokyo Ohba, Etsuo Sakai Masaki Daimon, 3CaOAl2O3-CaSO4
2H2O-CaCO3-Na2SO4-H2O ÎĵǝƦ1ìĸ , ƽ°j\qHr , 1997 
[8] J.J. Chen, J.J Thomas, H.F.W Taylor, H.M. Jennings, Solubility and structure of 
calcium silicate hydrate, Cement and Concrete Research, Vol.34, No.9, pp.1499-1519,
 2004 
[9] W. Nocuń-Wczelik, Effect of Na and Al on the phase composition and morphol
ogy of autoclaved calcium silicate hydrates, Cement and Concrete Research, Vol. 29,
 No.11, pp.1759-1767, 1999 
[10] Susan A. BernalRuby Mejía de GutierrezaJohn L. ProvisVolker Rose, Ef
fect of silicate modulus and metakaolin incorporation on the carbonation of alkali si
licate-activated slagsCement and Concrete ResearchVol.40No.6pp.898-9072
010 
[11] T. Bakarev, J.G. Sanjayan, Y.-B. Cheng, Resistance of Alkali-Activated Slag Co
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 129 
ncrete to Carbonation, Cement and Concrete Reserch, Vol.31, No.9, pp.1277-1283, 2
001 
[12] F. Puertas, M. Palacios, T. Vázquez, Carbonation Process of Alkali-Activated S
lag Mortars, Journal of Materials Science. Vol.41, No.10, pp.3071-3082, 2006 
[13] William Albert Hunnicutt, Characterization of Calcium-Silicate-Hydrate and Cal
cium-Alumino-Silicate-Hydrate, Civil Engineering in the Graduate College of theUni
versity of Illinois at Urbana-Champaign, 2013 
[14] M. Palacios, F. Puertas, Effect of Carbonation on Alkali-Activated Slag Paste, 
Journal of American Society, Vol.89, No.10, pp.3211-3221, 2006 
[15] M.D. Andersen, H.J. Jakobsen, J. Skibsted, A new aluminium-hydrate species i
n hydrated Portland cements characterized by 27Al and 29Si MAS NMR spectrosco
py, Cement and Concrete Research, Vol.36, No.1, pp.3-17, 2006 
[16] J.F. Stebbins, Nuclear Magnetic Resonance Spectroscopy of Silicates and Oxide
s in Geochemistry and Geophysics, American Geophysical Union, pp.303-331, 1995 
[17] T.F. Sevelsted, J. Skibsted, Carbonation of C–S–H and C–A–S–H samples studi
ed by 13C, 27Al and 29Si MAS NMR spectroscopy, Cement and Concrete Research. 
Vol.71, pp.56-65, 2015 
[18] Myung-Jin Sung, Hyeong-Kyu Cho, Han-Seung Lee, Properties of Cement Paste
 Containing High Volume γ-C2S and MgO Subjected to CO2 Curing, Journal of the 
Korea Institute of Building Construction, Vol.15, No.3, pp.281-289, 2015 
[19] K.J.D MacKenzie, M.E. Smith, Multinuclear Solid-State NMR of Inorganic Mat
erials, Oxford: Pergamon, 2002 
[20] A.R. GRIMMER, et al., HIGH RESOLUTION SOLID-STATE SILICON-29NMR 
OF SILICA GELS, Chemischer Informationsdienst, 1982 
[21] G. Engelhardt, D. Michel, High Resolution Solid-State of Silicates and Zeolites,
 John Wiley and Sons, 1987 
[22] I.G. RichardsonTobermorite/jennite-and tobermorite/calcium hydroxide-based m
odels for the structure of C-S-H: applicability to hardened pastes of tricalcium silic
ate, v-dicalcium silicate, Portland cement, and blends of Portland cement with blast
-furnace slag, metakaolin, or silica fumeCement and Concrete ResearchVol.34
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 
 130 
No.9pp.1733-17772004 
[23] Sung-Yoon HongF.P Glasser, Alkli sorption by C-S-H and C-A-S-H gels: Par
t II. Role of aluminaCement and Concrete ResearchVol.32No.7pp.1101-1111
2002 
[24] I.G. Lodeiro, D.E. Macphee, A. Palomo, A. Fernández-Jimenez, Effect of alkali
s on fresh C–S–H gels. FTIR analysis, Cement and Concrete Research, Vol.39, No.
3, pp.147–153, 2009 
[25] G.W. Groves, A. Brough, I.G. Richardson, and C.M. Dobson, Progressive changes in 
the structure of hardened C3S cement pastes due to carbonation, Journal of the American 
Ceramics Society, Vol.74, No.11, pp.2891-2896, 1991 
[26] A. Hidalgo, C. Domingo, C. Garcia, S. Petit, C. Andrade, C. Alonso, Microstru
ctural changes induced in Portland cement-based materials due to natural and superc
ritical carbonation, Journal of Materials Science, Vol.43, No.9, pp.3101-3111, 2008 
[27] I.G. Lodeiro, A. Palomo, A. Fernández-Jimenez, D.E. Macphee, Compatibility s
tudies between N-A-S-H and C-A-S-H gels. Study in the ternary diagram Na2O–Ca
O–Al2O3–SiO2–H2O, Cement and Concrete Research, Vol.41, No.9, pp.923-931, 2011 
[28] I.G. Lodeiro, A. Fernández-Jimenez, A. Palomo, D.E. Macphee, Effect on fresh
 C-S-H gels of the simultaneous addition of alkali and aluminium, Cement and Con
crete Research, Vol.40, No.1, pp.27-32, 2010 
[29] C.E. Tambelli, J.F. Schneider, N.P. Hasparyk, P.J.M. Monteiro, Study of the str
ucture of alkali–silica reaction gel by high-resolution NMR spectroscopy, Journal of 
Non-Crystalline Solids, Vol.352, pp.3429-3436, 2006 
[30] M. Chollet, M. Horgnies, Analyses of the surfaces of concrete by Raman and FT-
IR spectroscopies: comparative study of hardened samples after demoulding and after orga
nic post-treatment, Surface and Interface Analysis, Vol.43, No.3, pp.714–725, 2011 
[31] Q. Williams, Infrared, Raman and Optical Spectroscopy of Earth Materials, Am
erican Geophysical Union, pp.291-302, 1995 
[32] I.G. Lodeiro, A. Fernández Jiménez, A. Palomo, D.E. Macphee, Effect of Calci
um Additions on N–A–S–H Cementitious Gels, Journal of the American Ceramic So
ciety, Vol.93, No.7, 2010 
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 131 
[33] P. McMillan, Structural studies of silicate glasses and melts-applications and li
mitations of Raman spectroscopy, American Mineralogist, Vol.69, No.7-8, pp.622-644, 
1984 
[34] H. Aguiar, J. Serra, P. González, B.León, Structural study of sol–gel silicate gl
asses by IR and Raman spectroscopies, Journal of Non-Crystalline Solids, Vol.355, 
No.8, pp.475-480, 2009 
[35] S. Gunasekaran, G. Anbalagan, S. Pandi, Raman and infrared spectra of carbon
ates of calcite structure, Journal of Raman Spectroscopy, Vol.37, No.9, pp.892–899, 
2006 
[36] C. Balachandran, J.F. Muñoz, T. Arnold, Characterization of alkali silica reacti
on gels using Raman spectroscopy, Cement and Concrete Research, Vol.92, pp.66-74,
 2017 
[37] G.K. Sun, J.F Young, R.J. Kirkpatrick, The role of Al in C–S–H: NMR, XRD 
and compositional results for precipitated samples, Cement and Concrete Research, 
Vol.36, No.1, pp.18-29, 2006 
[38] X. Cong, R.J. Kirkpatrick, 29Si MAS NMR study of the structure of calcium s
ilicate hydrate, Advanced Cement Based Materials, Vol.3, No.3-4, pp.144-156, 1996 
  
Š 4 ĥ QIþÎƟǁ¬ıú-1ƕţþ0ǊBÄ1ÔƂ 
 
 132 
 
  
 
 
B 58 
0=<QIO 
K7C4#(F,E 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.1   
5.2 6.%P  
5.3 6.*$  
5.4 /2  
5.5   
5.6 3/J-  
 
œ 5ğ éĮīƸƈDƧ%9Əđ~`ti}(QFŕýÇůD×Ů 
 134 
 
 
 
  
œ 5ğ éĮīƸƈDƧ%9Əđ~`ti}(QFŕýÇůD×Ů 
 
 135 
5.1   
 œ 3 ğ@œ 4 ğDÕ¢Ej~qzhqXƧ%>Õ¢X×Ů1>(S%V%
VBƈċDŁáùƧ*æ'RUÊXď.>%T C-S-H P AFm BADşĵŦB
ÊX¬ŷ3T9NƓğ?Eœ 3 ğ(QFœ 4 ğ?DÕ¢C¸=%>d\ý
Òƅƚ·Ĩ÷*©īƸƈCşĵŦCÂJ3ÊCŏ3T×Ů@1>éĮīƸƈX
Ƨ%9×ŮXç&ìK?DÕ¢)Ræ'>LT@d\ýÒƅƚ·Ĩ÷DZ
`ĮƉCQ;>Əđž)RZ|uqÒīƸƈ*¶Ƥ19`g]}g
dqÒīƸƈ(C-S-H)*ıĮ0U>(SK9ıĮ0U9īƸƈE CO2
CQTÊXď.P3,BSƏđơƖCQ;>ŕýCQTåņƍO¬ŷ0U
9/DQ&BƍC<%>d\ýÒƅƚ·Ĩ÷*7U8UDīƸƈ@ž3
TąDƍX×Ů3Tƃƨ*$T  
 C-S-H ÒīƸƈEƥBåņXO<ƇûBƈċ@1>7DéĮC<%>Ed\
ýsq]}XƧ%9 Double decomposition P CaO (QF SiO2XƧ%9 Direct rea
ction BADƥBƑƒ*ÿWU>%T1, 2, 3/DQ&BéĮ C-S-H XƧ%9åņ
ƉĳE°ŽCçWU>(Sj~q¯?ƂĤCĕƨBƉƝ?$TƓğ?E
d\ýÒƅƚ·Ĩ÷@1>d\ýsq]}XƪƧ1>%T9Noq^m
_qgdq(Tetraethyl orthosilicateTEOS)XƧ%9 C-S-H ÒīƸƈD
éĮXç&4K9Z|uqÒīƸƈDÊ*ƣĿ0UT/@)RZ|
uqÒīƸƈDéĮXç%ČÚC°Ƨ3T 5Ƨ19©īƸƈ@d\ýsq
]}@DƏđžX©īƸƈGDşĵž)RČôDľĮ@ă>%T²ÉK
?ç%©īƸƈDƍXź3TK9ƏđžâDĂÚŎDŇĪŕýČÚ
Xš2ŕýCƤ'TÊC<%>´ú3T  
 ČÚE¸ƓŦB pHDƍ)RXĹ¦ĶƉĳ(X-ray diffraction  XRD))R
DÕĞŁDƍ(QF 29Si27Al èƉ¥Ź«ć¼Èƙ(Nuclear Magnetic Resonance
   NMR)XƧ%>©īƸƈDƍX´ň3T  
 
5.2 6.%P  
5.2.1 <QI0=  
5.2.1.1 C-S-H 0=  
 C-S-H DéĮ?E TEOS(C8H20O4Si)XƧ%9ƆƉ īƉ¥CQTkeƒ)
Rç;9 4K4TEOS C^lv(C2H6O)X ' īƉ¥CƃƨBīƉ@1
>ý(HCl)X¹č19īXŨ 1 īƉ¥XŇĪ0UTTEOS:^lv :ī :
ýDƁE 1:4:2:0.01 ?$T/DīƦ@īý`g]}(Ca(O
H)2)DīƦXƁéW5>N2 ²É? 24 ąµƻƺ1B*RéĮ19//?
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éĮ19 CaO/SiO2DƛƄƁE 2.0?$TűRU9ƦXÃV¤1ĩÎp
gdlCƎŋ19ODXňŤ19éĮ19 C-S-H D XRD Õ¢X Fig5.1 CĈ3  
5.2.1.2 Aluminate <QI0=  
 Aluminate īƸƈDéĮEĆDƑƒ?çB;9 5K410%wt Dhbh(C12
H22O11)īƦ 400cc C 0.06749mol D Ca(OH)2XƦ)19ƦXƻƺ3TĆE5
0ccDīC 0.01125molD Al2(SO4)318H2OXƦ)19ƦXƻƺ3TűRU9ŵ
<DƦXí6> N2²É? 24 ąµƻƺ1B*RéĮ19űRU9ƦXÃV
¤1ĩÎpgdlCƎŋ19ODXňŤ19éĮ19 Aluminate īƸƈD X
RD Õ¢X Fig5.1 CĈ3  
 
5.2.2 5.AG"9+  
 éĮ19 C-S-H @ Aluminate īƸƈ¨CĂƟD Ca(OH)2O·N>©īėD
ƏđžXçB;9fyX Table5.1CĈ3d\ýÒƅƚ·Ĩ÷@1>d\
ýsq]}XƧ%CÿWU9d\ýsq]}DĮƉX Table5.2CĈ3
Əđ÷DÊX¬)NT9NƏđ÷XŶU>B%fyOƧ19//?
fyDu|c@1>C-S-H E CAluminate īƸƈE ACa(OH)2E P
d\ýsq]}E S @3Tž05TôCE N2 Ƌ¼ŜC(%>{cuo[
nbhlXƧ%>ªƺ0524 ąµÓ¤3TK?ŋř19/DQ&C1
>űRU9ĂÚŎXñFƊó1ZjqC·Ĩ19âÃV¤Xç%ĩÎpgd
lC>ŋř19ƊƔĦXĂÚŎ@1>ČÚXç;9  
 
5.2.3 ?;C4#9+  
 d\ýÒƅƚ·Ĩ÷CQT©īƸƈDŕýÇůGDÊX´ň3T9NC
ŇĪŕýŃřXƧ%>ŕýXç;9  
 
Fig5.1 Synthesized C-S-H and Aluminate Hydrate 
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 ŕýŇĪE CO2ŸŬ 5!RH60!20 DĥÖ?©fyX 14 ĒµŇĪ
059fyDƗĺE Table5.1 CĈ19Q&CòâC_1w (QF_4w @1>
Š 1>ßUT   
5.2.4 @DLM  
5.2.4.1 XRD @D  
 XRD ňŤCQSīƸƈDıĮŝįX¬ŷ19XRD ňŤCERigaku D Smart 
Lab X ĹŃřXƧ%X ĹÞ CuK³Ū 40kV³ŪƮ 30mAńðƀ 3~9
0/2ƵÕharhahxr 1/minfycµ® 0.0
2°/step DÖ?ňŤ19  
 
5.2.4.2 NMR @D  
 29Si MAS NMR DňŤCE JEOL D ECA-500(11.75T)XÿƧ1´ňĐŻĬ 99.4
MHz ?ç;94mmDĂƱ³XƧ%Spinning speed 10kHzPulse width 3.6
srelaxation delay 30sscans 2048 ¦?ç%NMR hzbqXű9  
 27Al MAS NMR DňŤCE JEOL D ECA-800(18.8T)XÿƧ1´ňĐŻĬ 208.6
MHz ?ç;93.8mmDĂƱ³XƧ%Spinning speed 20kHzPulse width 0.9
srelaxation delay 0.5sscans 1280 ¦?ç%NMR hzbqXű9  
 K93H>D NMR plE JEOL ĲD Delta Software XÿƧ1> Lorentz ¶Ĭ
)R deconvolution (QFxbƚĴDĴüXç;9  
Table5.1 Material proportions 
 C-S-H 
(g) 
AFt 
(g) 
Ca(OH)2 
(g) 
Na2O•SiO2•xH2O 
(g) 
Level_1 Lv1_CS 9 - - 6.44 
Lv1_AS - 2.5 - 6.44 
Level_2 Lv2_CA 9 2.5 - - 
Lv2_CAS 9 2.5 - 6.44 
Level_3 Lv3_CAP 9 2.5 6 - 
LV3_CAPS 9 2.5 6 6.44 
 
Table5.2 Sodium Silicate Solution 
Na2O•SiO2•xH2O 
Assay (%) 52.0~57.0  
SiO2/Na2O (mol) 2.06~2.31 
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5.3 6.*$  
5.3.1 &<QI4!)HN':1G"	
  
5.3.1.1 pH 
 Table5.3 C©fyD pH ňŤÕ¢XĈ3K4Lv1_series (QF Lv2_series
?E 12.69~12.86 ƀD pH Xƅ1>%TLv3_series ?E 13.03~13.08 ?ŶU9
Ca(OH)2DÊ?Ĝ1Ģ*;>%T@æ'RUT  
 
5.3.1.2 XRD *$  
 Fig5.2 )R Fig5.4 C©fyDƏđ÷@DžCQT XRD DÕ¢XĈ3
K4Fig5.1DéĮ19KKD C-S-H?ETobermorite@1>ßUTÕĞĭDè%
`g]}gdqīƸƈDxb(2deg, 6.6, 29.3, 49.7)*×Ė0U>
%T 3, 6K9Fig5.2DéĮ C-S-HXŔų?Əđ÷@ž059 Lv1_CSDģé
6.6Dxb*òOè,BSƏđ÷* C-S-H@ž1C/S*ţ,B;>%T/
@*ƣĿ0UT  
 Fig5.1 DéĮ19 Aluminate ÒīƸƈ?EÕĞ@1>ßU>%TxbEÙ<
.B);929.4BADxbE Ca)RD CaCO3xb(2deg, 23.1, 29.4,
 35.9, 39.2, 43.1, 47.7, 48.7)*ƣĿ0UT71)1Fig5.2 ?Ĉ19é
Į19 Aluminate ÒīƸƈXƏđ÷@ž059 Lv1_AS ?EƂĞċDŅ @@
OC ettringite Dxb(2deg, 9.1, 15.7, 17.8, 18.8, 22.9, 25.5, 32.
2, 34.2, 34.9, 40.8)*¬ŷ0U>%TéĮ19 AluminateÒīƸƈ*Əđ
÷@ž1ƍ1>%T/@*ƣĿ0UT*27Al NMR )RDġ1%×Ů*ƃ
ƨ@æ'RUT  
 Fig5.3 CéĮ C-S-H @éĮ Aluminate īƸƈXíé1>Əđ÷@ž059
Lv2_CA @ Lv2_CAS XĈ3K4Lv2_CA EFig5.1 DéĮ C-S-H @EŲCï*
Table5.3 pH 
 pH 
Lv1_CS 12.86 
Lv1_AS 12.69 
Lv2_CA 12.77 
Lv2_CAS 12.86 
Lv3_CAP 13.03 
LV3_CAPS 13.08 
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B);9éĮ19 Aluminate ÒīƸƈ* C-S-H @Ŕų?ž3T/@?EB%@
æ'RUT7DƑƏđ÷XŶU9 Lv2_CAS?EFig5.2D Lv1_CS(QF L
v1_AS ?¬ŷ0UT Tobermorite xbDŅ @ ettringite Dxb*×Ė0U>(
SƏđ÷*©ƈċ@ŰąCž1>%T@æ'RUT  
 Fig5.4 CĈ19éĮ C-S-HAluminate īƸƈ(QF Ca(OH)2Xíé19 Lv3_CA
P?ECa(OH)2Dxb(2deg, 18.1, 28.6, 33.8, 47.1, 50.7, 54.3, 5
6.1, 59.4)CaCO3 (QF Tobermorite Dxb*¬ŷ0UTƏđ÷@ž0
59 Lv3_CAPS?ECa(OH)2(QF CaCO3*ÝĜ1>(STobermoriteDxb
*Ņ 1>%T/UEœ 4ğ?¬ŷ0U9Q&C Ca(OH)2:.?EB, CaCO3D
CaOƏđ÷@ž1>%T@æ'RUT1)1Fig5.3D Lv2_series?¬ŷ0U
9Q&BettringiteDxbE×Ė0U>B%Ca@DžCQ;>Ņ'>%T C
-S-H ÒīƸƈDÊ?Al Òƈċ* Al[4]@1> C-S-H CŶSëY?%T/@*ƣ
Ŀ0UT* 6NMR )RDġ1%Ɖĳ*ƃƨ@æ'RUT  
 
 
 
 
 
Fig5.2 XRD Patterns (Level_1_series) 
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Fig5.3 XRD Patterns (Level_2_series) 
 
Fig5.4 XRD Patterns (Level_3_series) 
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5.3.1.3 NMR *$  
5.3.1.3.1 27Al NMR 
  Table5.4 (QF Fig5.5 )R Fig5.7 C©fyDƏđ÷@DžCQT 27Al 
NMR DÕ¢XĈ3Lv1_CS ?E Al *ŋö1B%/@)R 27Al NMR DňŤ?E
ě¨3T  
 K4éĮ19 Aluminate īƸƈ?$T Syn.A E78.8ppm D Al[4]@ 43.2ppm D
Al[5]ƀ?xb*¬ŷ0UT*7DƲEĽŎD 0.9%(QF 0.8%ťŬ?éĮ
DþƯƈ*ƣĿ0UTK9Al[6]ƀ? 13.2ppm@ 11.0ppmD 2ĎƳDxb*
×Ė0U>%T*2ĎƳDxbEéĮ ettringite?¬ŷ0UTxb?$T13.
2ppm ?ßU>%T ettringite_a(Ca6Al2O9•3SO3•32H2O)@ 11.0ppm D ettringite_b(Ca4A
l2O7•SO3•12H2O)EīƸƈ@1>Õé1>%TīƲC%*$Sxb@1>Ɖ
Ƭ0U>%T@æ'RUT8, 9, 10XRDDÕ¢@ƁH>æ'>LT@éĮ Alumin
Table5.4 27Al NMR chemical shift and relative intensities 
 Al[4] and Al[5] 
 Al[4]a 
(ppm) 
Al[4]a 
(%) 
Al[4]b 
(ppm) 
Al[4]b 
(%) 
Al[5] 
(ppm) 
Al[5] 
(%) 
Syn.A 78.8 0.9 - - 43.2 0.8 
Lv1_AS - - 60.8 52.6 - - 
Lv2_CA 75.9 5.4 - - 41.3 6.8 
Lv2_CAS 74.1 12.9 68.5 25.3 - - 
Lv3_CAP 77.7 8.7 - - 41.9 16.8 
Lv3_CAPS 74.1 9.8 69.1 8.4 42.1 6.3 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]b 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Al[6]d 
(ppm) 
Al[6]d 
(%) 
Syn.A - - 13.2 12.1 11.0 86.2 - - 
Lv1_AS 18.3 4.9 13.3 30.5 10.2 8.9 6.9 6.0 
Lv2_CA - - - - 10.4 87.8 - - 
Lv2_CAS 18.7 5.1 13.2 42.8 10.4 9.9 5.5 4.0 
Lv3_CAP - - 13.3 1.6 10.9 72.9 - - 
Lv3_CAPS - - 13.1 5.7 10.7 69.9 - - 
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ate īƸƈLv2_CALv3_CAP (QF Lv3_CAPS ?E ettringite Dxb*×Ė0
U>B);9*Lv1_AS P Lv2_CAS ?E ettringite Dxb*×Ė0U>%T
/UEƏđ÷@DžCQ;> ettringite DÕéīƲ*Ņ'>(SÕĞĭXĄ<
/@CBS XRD Dxb@1>×Ė0UT@æ'RUT//?¬ŷ0U9 11pp
mD ettringite_bEƂĞċ?$T/@*ƣĿ0UTƏđ÷@ž059 Fig5.5D L
v1_AS ?EķƘ19Q&CƂĞċD ettringite_b *ĽŎD 8.9!K?ÝSÕĞĭ
D ettringite_a * 30.5%K?Ņ'>%T1)1ĽŎƁƭ@1> 60.8ppm D Al[4]
* 52%ĢCŅ'>%T/DxbEƏđ÷DÊ?Ý;9 Al *4 ƚŎ@1
> Na+P Si4+@DÕéC1>(SåņŦC Na(QF Al*Õé1>%T ZeoliteÒ
īƸƈ(QFZ|vgdq*ƣĿ0UT 10, 11, 12Lv1_AS DåņC<%>
E 29Si NMR Xš2T×Ů*ƃƨ@æ'RUT   
 Fig5.6CéĮ C-S-H@éĮ AluminateīƸƈXíé1>Əđ÷@ž059 Lv
2_CA @ Lv2_CAS XĈ3K4Lv2_CA EéĮ Aluminate īƸƈ@ƁH> 11pp
m ËęD ettringite_b DƍEIJB%*13ppm Dxb*Ý;>Al[5](QF
Al[4]Dƀ?×Ė0U>%TAl[5]ƀDxbE C-S-H D interlayer CŶSëY
?%T Al Dxb:@Q,ŘRU>%T131)1Lv2_CA D Al[4]ƀDx
bEC-S-H Gř±0U9xb?Q,ŘRU>%T Al[4]xb@EBT/@
*ƣĿ0U>(S 2Ca-aluminate ƈċ@1>éĮīƸƈDþƯƈ)RDƈċD
¡Źĭ*$T*29Si NMR @DƁ­*ƃƨ@æ'RUTLv2_CAS D 27Al NMR
C<%>Eœ 3 ğ?¬ŷ0U9Q&C C-S-H GD Al[4]Dř±*ƘR)C¬ŷ0
U>%T 2, 14K4Lv2_CAS D Al[6]ƀ?E Lv1_AS DQ&C 11ppm ËęDx
b*Ý;>13.2ppm DÕĞĭD ettringite_a (QF Al[4]ƀDxb*Ņ'>
 
Fig5.5 27Al MAS NMR chemical shift (Syn.A and Level_1_AS) 
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%TAl[4]ƀC<%>E  74.1ppm(QF 68.5ppmDxb*×Ė0U>%T*
/UEœ 3 ğ?ÀƷ19 C-S-H ?D Si4+@ Al3+Dř±CQTxb@Ś1>(S
Na DŋöCQ;> C-S-H ? Q1(1Al)Q2B(1Al)(QF Q2P(1Al)@¶Ï1>%T/@
*ƣĿ0UT29Si NMR DxbD×Ů*ƃƨ@æ'RUT  
 Fig5.7 CEj~qzhqCă>%T²É@1>éĮ C-S-HéĮ Aluminat
e īƸƈ(QF Ca(OH)2Xíé19fyDÕ¢XĈ3K4XRD DÕ¢?¬
ŷ0U9Q&Cŵ<Dfy?ÕĞĭD ettringite_aE$KS×Ė0U>B%
Lv2_seriesDÕ¢@Ɓ­1>LT@Lv2_series?EƏđ÷XŶU>B% Lv2_CA?
EÕĞĭD ettringite_a *×Ė0U>B%*Əđ÷XŶU9 Lv2_CAS ?E 40%
Ģ*ÕĞĭD ettringite_a CB;>%T1)1Lv3_series ?EƏđ÷XŶU9 L
v3_CAPS OÕĞĭD ettringite_a DıĮEĜB%/UEƏđ÷E Ca(OH)2 @D
žXƠĸC1ettringite PŌDƈċ@DžEĆĻCBT/@*ƣĿ0UƏđ
3TôC Ca(OH)2 ÒŨ õDŧXæư3Tƃƨ*æ'RUTK9Lv3_series
D Al[4]ƀDxb?OƏđ÷DơƖCQ;> C-S-H GDř±*¬ŷ0UT
Lv3_CAP ?¬ŷ0UT 77.7ppm DxbELv2_CA DQ&B Ca-aluminate ƈċ*
ƣĿ0UT 10Lv3_CAPS ?ELv2_CAS DQ&C 74ppm (QF 68ppm Dxb
*×Ė0U>(SÀƷ19xb@Ś1>%T1)1©xbDƁƭX L
v2_CAS @ƁH>æ'>LT@Lv2_CAS ?E 74.1ppm Dxb* 12.9%68.5pp
mDxb* 25.3%?68.5ppmDƑ* 2żťŬCB;>%T*Lv3_CAPS?E 7
4.1ppm * 9.8%69.1%* 8.4%CBSŋöƁƭ*ÁCB;>%T/UC<%>
Lv3_CAPS E Ca(OH)2@Əđ÷Dž)RıĮ0UT C-S-H CQ;>C-S-H ?D
CaO/SiO2 *è,BT/@*ƣĿ0U>(Sř±0UTåņ*Ĝ1BT/@*
 
Fig5.6 27Al MAS NMR chemical shift (Level_2_series) 
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æ'RUT  
 
5.3.1.3.2 29Si NMR 
 Table5.5 (QF Fig5.8 )R Fig5.10 C©fyDƏđ÷@DžCQT 29Si 
NMR DÕ¢XĈ3Lv1_AS C<%>ETable5.6 (QF Fig5.10 CŔų?Ĉ3  
 Fig5.8 DéĮ19KKD C-S-H (QF C-S-H @Əđ÷Xşĵž059 Lv1_CS
XĈ3K4éĮ C-S-H Dģé85%ĢD Q1 xb*¬ŷ0U>%TƛƄ
D CaO/SiO2(C/S)X 2.0 C1>éĮ19ƓØÅD C-S-H EC-S-H GD Ca *
ŁŏŦCō,B;>(SCa *ō%IACaOSiOH ÕéDŅ CQ;> Q1
DƁƭ*ŁŏŦCè,BT/DQ&B  @Əđ÷Xž059 Lv1_CSE
Q1 DƁƭ* 	K?ÝSQ2 *ŁŏŦCŅ'>%T/@*¬ŷ0UTƏđ÷
D Si*ÛD  @DžCQ;>ŶSëL *ţ,B;>  *O;@ĕ
é0U9 Q2DƁƭ*Ņ'>%T@æ'RUTK9Fig5.9 CĈ19  @ 

 īƸƈDíé?$T Lv2_CA ?E Q1DƁƭ* 	!ĢCBSQ2Dx
b@1>ŵ<Dxb*ßU>%TXRD DÕ¢(QF 27Al NMR ?OLv2_CA
DƍEŲCB);9/@)RC-S-H * Al @Ŕų?ž1åņ*ƍ3T/
@EŴ10*$T@ƣĿ0UT7DƑƏđ÷XŶU9 Lv2_CAS ?EéĮ
19 C-S-H P C-S-H @ Aluminate īƸƈDŔųž@EBTxb*¬ŷ0U
TK4Q2 DƁƭDŅ @@OCQ1 ƀDxb@1>-77.2ppm (QF-78.6
ppmDxb*Ɖ.>×Ė0U>(S-80.7ppmDxbO¬ŷ0UTƉ.>%
T Q1DxbC<%>Eœ 3 ğ?ÀƷ19 C-S-H ?D  Al3+@ Si4+D Q1(1Al)P Q
 
Fig5.7 27Al MAS NMR chemical shift (Level_3_series) 
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2P(1Al)GDř±@¶Ƥ1>%T¡Źĭ*æ'RUTK9Table5.5C Q2a @1>
Ĉ19xbEC-S-H D dreierketten åņ? Q2B(1Al)@1>¬ŷ0UTxb?
15/DxbO Al @¶Ïĭ*¬)NT29Si NMR DÕ¢@DƁ­)R Lv2_CAS
D 27Al NMRDÕ¢?¬ŷ0U9 Al[4]ƀD AlEC-S-HCř±0U>%T AlĀ
ƚŎD/@*ƣĿ0U>(SK9Lv2_CA @DƁ­)RƏđ÷DơƖCQ;>
C-S-H GDåņƍ*Žı3T/@*¬)N9  
 ĆE Ca(OH)2DŨ Xæư19 Lv3_series DÕ¢X Fig5.10 CĈ3/DÕ¢?
OAluminateīƸƈ@Əđ÷@ŰąCíé19 Lv3_CAPSDÕ¢?Al3+@ Si4+D
ř±*ƣĿ0UTxb*¬ŷ0U9//?Lv2_CAS @ Lv3_CAPS ?D Q1C
ŏ3T Q2DƁƭELv3_CAPS DƑ* Q1ƀDxb*ŁŏŦCè,B;>%T
/UE Ca(OH)2@Əđ÷@DžCQ;>C/S *è% C-S-H *Ņ'>(S0R
C Al *ř±0UTģęOŅ 1>%T/@*æ'RUT  
Table5.5 29Si NMR chemical shift and relative intensities 
 Q1 
 Q1a 
(ppm) 
Q1a  
(%) 
Q1b 
(ppm) 
Q1b 
(%) 
Q1c 
(ppm) 
Q1c 
(%) 
Syn.C-S-H - - -77.8 85.5 - - 
Lv1_CS - - -78.1 78.1 - - 
Lv2_CA - - -78.7 87.5 - - 
Lv2_CAS -77.2 15.4 -78.0 30.1 -78.6 17.8 
Lv3_CAP - - -78.6 79.1 - - 
Lv3_CAPS -77.2 27.6 -78.0 38.9 -78.8 20.6 
 
 Q2 
 Q2a 
(ppm) 
Q2a 
(%) 
Q2b 
(ppm) 
Q2b 
(%) 
Q2c 
(ppm) 
Q2c 
(%) 
Syn.C-S-H - - -83.8 14.5 - - 
Lv1_CS - - -83.6 21.9 - - 
Lv2_CA - - -83.6 6.3 -85.5 6.2 
Lv2_CAS -80.7 13.0 -83.2 16.3 -84.0 7.5 
Lv3_CAP - - -83.4 15.8 -85.0 5.1 
Lv3_CAPS - - -82.4 4.7 -83.6 8.2 
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  
 
Fig5.8 29Si MAS NMR chemical shift (Syntersize C-S-H and Lv1_CS) 
 
 
Fig5.9 29Si MAS NMR chemical shift (Lv2_series) 
 
 
Fig5.10 29Si MAS NMR chemical shift (Lv3_series) 
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 òâCAluminate īƸƈCƏđ÷X '9 Lv1_AS DÕ¢X Table5.6 (QF
Fig5.11 CĈ3ŌDfy@ExbDÐäĭ*BT/@*¬ŷ0U9
Lv1_AS DģéŌDfyQS Ca Cŏ3T Al DŋöƁƭ*è,B;>(S
Əđ÷D Na+@ Al3+*Õé1>%T C-(A, N)-S-H eDåņCB;>%T¡Źĭ*
æ'RUT×Ė0UTxb@1>-81.5ppm P-85ppm E Q2(1Al)(QF Q2 x
b?ŘRU>%T1)1 Lv2_AS D©ĮƉDƁƭ)Ræ'>LT@
Stratlingite(Ca2Al[(OH)6AlSiO2-3(OH)4-3]16•2or5(H2O))PZ|vgdqÒīƸƈ
Table5.6 29Si NMR chemical shift (Lv1_AS) 
 ppm 
 Q1 Q2a Q2b Q2c Q3a Q3b Q3c 
Lv1_AS -77.8 -81.5 -85.0 -88.4 -91.1 -92.8 -94.8 
 
 
Fig5.11 29Si MAS NMR chemical shift (Level_1_AS) 
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@1>17xb*×Ė0U>%T¡Źĭ*$TKwan18CQT@Stratlingite P Al
*ř±0U9 C-S-H ÒƈċC<%> Q2(2Al)Q2(1Al)X-81ppm (QF-85ppm ?
Q2Q3(2Al)X-87ppm (QF-91ppm ?Ť¿1>(SLv1_AS DÕ¢@ă>%T
K9ƓÕ¢D-93ppm (QF-95ppm E Q3(1Al)@ Q3Dxb*ƣĿ0UT0R
C27Al NMR D Al[4]Dxb)RO Stratlingite P Al *ř±0U9 C-S-H Òƈċ
DĠÆ*¬ŷ0UT 101)1/DQ&BåņC<%> 1.5Al/Si1.6; 
0.52Si/Ca0.64 Dƀ? Stratlingite *×ĖXÀƷ1>%T* 16ƓØÅD Al/Si
E 0.075Al/Si0.17 ?Stratlingite Dƀ@ƁH>ƂĤCţ%1)1Əđ÷
CQ;>Š 0UT Na K?æư19(Al+Na)/Si @1>E0.99(Al+Na)/Si1.09
?Lv2_AS ?ßUTxbO Na *¶Ƥ1>%T/@*æ'RUT/DQ&C
Na *¶Ï19Z|vgdqÒīƸƈDåņEœ 4 ğ?ŕý)R Ca2+*
B,B;9 Ca-modified SiO2Dåņ@)BSă>%T¡Źĭ*$T  
 
5.3.2 G"&<QI?;C4#  
5.3.2.1 pH 
 Table5.7 C Lv1_series_carbonation )R Lv3_series_carbonation D pH Õ¢XĈ3
K4Lv1_series_carbonation?EŕýĺC 12ĢCĄ0U9 pH*ŕýC
Q;> 10.40 )R 10.00 K?Ý;>%T/@*¬ŷ0UTLv2_CA_carbonation ?
E1 Ēµ?E 12.60 ?4 Ēµ?E 11.59 K?Ý;>%T*Əđ÷XŶU9 Lv2
_CAS_carbonation?E 1Ēµ?3?C 11.11K?Ý;>(S4Ēµ?E 10.82K?
Ý;>%TƏđ÷*ŕýCQT pH ţC¶Ƥ1>%T¡Źĭ*æ'RUT
13 ĢD pH Xƅ19 Lv3_series_carbontion ?OŕýCQ;> pH *Ý;>%T
*4ĒµŇĪŕý059fyO 12.04(QF 12.44@1>12ĢD pHX
Ą1>%T  
Table5.7 pH of Carbonated samples 
 pH 
 Carbonation 1week Carbonation 4week 
Lv1_CS 10.40 10.13 
Lv1_AS 10.15 10.00 
Lv2_CA 12.60 11.59 
Lv2_CAS 11.11 10.82 
Lv3_CAP 12.55 12.04 
Lv3_CAPS 12.77 12.44 
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5.3.2.2 XRD *$   
Fig5.12 )R Fig5.14 C Lv1_serie_carbonation )R Lv3_series_carbonation D XRD
Õ¢XĈ3K4Ľfy?ŕýCQ;>ıĮ0UT CaCO3ƈċ@1> Cal
cite(CaCO3, 2deg 29.4, 39.4, 43.2BA):.?EB,Vaterite(CaCO3, 2
deg 24.9, 27.0, 32.7BA)(QF Aragonite(CaCO3, 2deg 26.2, 27.2, 45.
9BA)O×Ė0U>%T19, 20, 21K9Əđ÷XŶU9fy?Enatron(N
a2CO3, 2deg 30.2)*¬ŷ0U>(SƏđ÷DĮƉ*ŕýC¶Ƥ1>%T/
@*ƣĿ0UTK9ŕýºµ*Ş,BTIAÕĞĭD C-S-H Dxb(2
  6.6 29.3, 49.7)*Ý;>%T/@)RC-S-H Dŕý*ƣĿ0UT*
29Si NMR )RO;@ġ1%×Ů*?+T@æ'RUTj~qzhq?¬ŷ
0U9  Monocarboaluminate(2deg  26.20, 33.15, 45.8)DxbEŌDx
b@ĕB;>%T/@)R22ŲŤ3T/@*Ŵ1%27Al NMR )RDÐäĭX
¬ŷ3T/@)R Aluminate ÒŕýƈċDź*?+T@æ'RUT  
Fig5.12 CéĮ C-S-H @Əđ÷XŔų?ž059 Lv1_CS_carbonation ?EŇ
ĪŕýºµCQ;> CaCO3Dxb*Ņ 3T/@*E;+S¬ŷ0UTQua
rtz(SiO2, 2deg 21.31, 27.10, 37.08, 43.36)*Ĝ1¬ŷ0UT23/@E Ca
*B,B;9 C-S-H )R¾3T@ƣĿ0UTéĮ Aluminate ÒīƸƈ@Əđ÷
Xž059 Lv1_AS_carbonation?E"ĒµK?E ettringiteDxb(2deg, 9.
1, 15.7, 17.8, 18.8, 22.9, 25.5, 32.2, 34.2, 34.9, 40.8)*¬ŷ
0UT*#ĒµCB;>I@YAB,B;>%T  
Fig5.13 ?Ĉ19 Lv2_CA_carbonation (QF Lv2_CAS_carbonation XƁ­1>L
T@ĽſŦC Lv2_CA_carbonation ?E Calcite CƁH> Aragonite (QF Vaterite
Dxb*è,B;>%T*Lv2_CAS_carbonation ?E Calcite DŁŏŦBƁƭ*
è%0RCLv2_CAS_1w @ Lv2_CAS_4w DƁ­?ŕýºµCQT Calcite
DŅ E¬ŷ0UB%1Vaterite (QF Aragonite Dxb:+Ĝ1Ņ'>%T/
@*¬ŷ0UT/DÕ¢)RƏđ÷XŶU9ģéC-S-H DŕýCQ;> C
alcite ÒDŕýƈċDıĮ*ŇĪ0UT¡Źĭ*æ'RUT*ġ1%Š ØÅ
*ƃƨ@æ'RUT  
òâCFig5.14 D Ca(OH)2XŶU9 Lv3_series_carbonation DÕ¢?E Portlandit
e(Ca(OH)22deg 18, 28, 34, 47, 50.7, 54.5)DÝĜ@@OC CaCO3
DıĮ*¬ŷ0UT*Lv2_series_carbonation DQ&CƏđ÷XŶU>B% Lv3_C
AP_carbonation ?E Calcite CƁH> Aragonite (QF Vaterite Dxb*è,B;
>(SLv3_CAPS_carbonation ?E Calcite *ŁŏŦCŀNCıĮ0U>%TÐä
ĭ*¬ŷ0UT24  
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Fig5.12 XRD patterns (Lv1_series_carbonation) 
 
 
Fig5.13 XRD patterns (Lv2_series_carbonation) 
 
 
Fig5.14 XRD patterns (Lv3_series_carbonation) 
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5.3.2.3 NMR *$  
5.3.2.3.1 27Al NMR 
 Table5.8 (QF Fig5.15 CLv1_AS_carbonation D 27Al NMR DÕ¢XĈ3K
4ŕýĺD Lv1_AS?E 60ppmËęD Al[4]*ƞ 50%Al6]Dƀ? ettingiteD
xb*ƞ 40%CB;>%T*ŕýCQ;> ettringite *Ý;>(SAl[4]ƀ
DƁƭ*Ģ*;>%T/@*¬ŷ0UTLv1_AS ? 60ppm XĕħC19 Al[4]
DxbEŕýCQ;> 57ppm XĕħC1>(S7DƲO Lv1_AS_1w ?E
74.5!Lv1_AS_4w ?E 84.5!K?Ņ'>%TAl[4]Dxb*Ĝ14U>%T
/@EŕýĺD Zeolite ÒīƸƈ$T%EZ|DgdqåņDŕý)
Table5.8 27Al NMR chemical shift and relative intensities (Lv1_AS_carbonation) 
 Al[4] 
 Al[4]a 
(ppm) 
Al[4]a 
(%) 
Al[4]b 
(ppm) 
Al[4]b 
(%) 
Al[4]c 
(ppm) 
Al[4]c 
(%) 
Lv1_AS_1w 60.1 27.2 57.2 29.0 54.4 18.3 
Lv1_AS_4w 59.9 28.4 57.1 33.4 54.4 22.7 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]a 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Lv1_AS_1w 13.1 3.8 5.8 21.7 - - 
Lv1_AS_4w - - 6.0 8.7 2.1 6.7 
 
 
Fig5.15 27Al MAS NMR chemical shift (Lv1_AS_carbonation) 
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R Ca2+*B,BS0RC ettringite )RD Al *Ņ'>7Dåņ@ľĮ*ƍ1>
%T/@*ƣĿ0U>(S29Si NMR @DƁ­*ƃƨ@æ'RUTK9Al[6]
Dƀ?E Lv1_AS_1w ? 13.1ppm D ettringite * 3%-R%ŋö3T*Lv1_AS_4
w ?EB,B;>%T6ppm ËęDxbEœ 4 ğ?O¬ŷ0U9 monocarboal
uminate(3CaO·Al2O3·CaCO3·xH2O)Dxb*ƣĿ0UT*Lv1_AS_1w ? 21.7%K
?Ņ'9 6ppm DƲE Lv1_AS_4w ?EÝ;>%TXRD DÕ¢)Ræ'>LT@
ŕýºµ*Ş,BTIA CaCO3DƲ*Ņ'>(SettringiteDŕý)RıĮ0
U9 monocarboaluminate D Al EŕýDĪçCQ;> Al[4]ƀDåņCƍ1
xb@1> monocarboaluminate Dxb*Ý;>%T/@*ƣĿ0UT  
 ĆELv2_series_carbonation D 27Al NMR DÕ¢X Table5.9Fig5.16 (QF
Fig5.17 CĈ3K4Əđ÷XŶU>B% Lv2_CA_1w ?EAl[4]ƀDxbE
×Ė0U>%B%*4 ĒµK?ŕý059 Lv2_CA_4w ?E 18%-R%×Ė0
U>%TK9Al[6]D ettringite *ŕýDĪçCQ;>Ý;>(SLv2_CA_1
w ?E 24.8%D monocarboaluminate Dxb*¬ŷ0UT*Lv1_AS_carbonation
@Ű2,Lv2_CA_4w CBTIA monocarboaluminate Dxb*Ý;>%TK
9O;@ţ% 3ppm ËęDxb*Ņ'>%T*/DxbC(%>E Mg *
¶Ƥ19 octahedral åņDZ|vgdqD¡Źĭ*$T*O;@×Ů*ƃ
Table5.9 27Al NMR chemical shift and relative intensities (Lv2_series_carbonation) 
 Al[4] 
 Al[4]a 
(ppm) 
Al[4]a 
(%) 
Al[4]b 
(ppm) 
Al[4]b 
(%) 
Al[4]c 
(ppm) 
Al[4]c 
(%) 
Lv2_CA_1w - - - - - - 
Lv2_CA_4w - - 58.9 18.1 - - 
Lv2_CAS_1w 64.1 14.6 58.8 40.6 55.5 30.8 
Lv2_CAS_4w 59.5 31.7 56.6 33.0 53.9 19.1 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]a 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Al[6]d 
(ppm) 
Al[6]d 
(%) 
Lv2_CA_1w 11.1 35.8 9.9 39.4 6.3 24.8 - - 
Lv2_CA_4w 11.0 26.7 9.8 21.3 6.7 10.7 2.9 23.2 
Lv2_CAS_1w 13.1 3.8 10.2 0.9 5.5 9.3 - - 
Lv2_CAS_4w - - - - 4.9 16.2 - - 
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ƨ@æ'RUTƏđ÷XŶU9 Lv2_CAS_carbonation ?ELv2_CA_carbonation
@ƁH>I@YAD Al* Al[4]ƀ?ßU>%TLv2_CAS_1w@ Lv2_CAS_4w?
D Al[4]DĽſŦBƲEƞ 83~86%?ŲCï*B%1)1Lv2_CAS_1w ?E 6
4ppm ËęK?xb*¬ŷ0UT*Lv2_CAS_4w ExbDĕħ*O;@ţ,
B;>%T(DƑä)/@*¬ŷ0U>(SåņPľĮ*ƍ1>%T@æ'R
UTK9Al[6]?E Lv2_CAS_1w ?Ĝ1þ;>%9 ettringite EŕýDĪçC
Q;>B,BSLv2_CAS_4w ?E 4.9ppm Dxb@1>ßU>%T  
 Lv2_CA_carbonation(QF Lv2_CAS_carbonationD Al[4]ƀ?ßUTZ|vg
dqÒƈċDƲC(%>ēƉB Si4+(QF Al3+($T%EƏđ÷D Na+)BA
*ƃƨ@æ'>LT@Lv2_CA_1w ?EK:ŕýDĪç*ŉSB,ŕýC
 
Fig5.16 27Al MAS NMR chemical shift (Lv2_CA_carbonation) 
 
 
Fig5.17 27Al MAS NMR chemical shift (Lv2_CAS_carbonation) 
 
œ 5ğ éĮīƸƈDƧ%9Əđ~`ti}(QFŕýÇůD×Ů 
 154 
Q;> Ca2+@DÕé*B,B;9  Si4+OĜB%/@*ƣĿ0UTLv2_CA_4w K
?DēƉBŕýCQ;>ĉƢB Si4+*Ņ'>(SZ|vgdqÒīƸƈ
@1>Õé1>%T/@*ƣĿ0UT1)1Əđ÷XŶU9 Lv2_CAS EŇ
Īŕýĺ)R3?CƏđ÷@DžCQ;>ıĮ0UT C-S-HÒīƸƈC Al3+
*ř±0U>(SK9Əđ÷DÊ?ĽſŦC Si4+P Na+*Ņ'>%T/@)
RZ|vgdqÒƈċCBT/@*ŁŏŦCBSP3%@æ'RUT  
 Table5.10Fig5.18(QF Fig5.19Cīý`g]}K?ŶU9 Lv3_series_carb
onation D 27Al NMR DÕ¢XĈ3Əđ÷XŶU>B% Lv3_CAP_carbonation ?
E4Ēµŕý059 Lv3_CAP_4w?O Al[4]ƀDxbE¬ŷ0U>%B%
Ģ½19 Lv2_series_carbonation?DÀƷ)Ræ'>LT@ Ca(OH)2DŋöCQ;>
C-S-H ?D Ca2+DƦĖ*ĜB,BS4 ĒµŇĪŕý059fy?O C-S-H
DŕýEĜB%/@*ƣĿ0UTK9Lv3_CAP_1w ?EŕýCQ;> ettri
ngite Dxb*ÝS6ppm ËęD monocarboaluminate @1>×Ė0U>(S/
DÐäĭE Lv3_CAP_4wCBT@ monocarboaluminate*O;@Ņ'>%T/@*¬
ŷ0UTLv1_series_carbonation P Lv2_series_carbonation ?¬ŷ0U9Q&Cm
onocarboaluminate DƲ*ŕýDĪçCĔ;>ÝT/@?EB,ÁCŅ'>%T
Table5.10 27Al NMR chemical shift and relative intensities 
(Lv3_series_carbonation) 
 Al[6] 
 Al[4]a 
(ppm) 
Al[4]a 
(%) 
Al[4]b 
(ppm) 
Al[4]b 
(%) 
Al[4]c 
(ppm) 
Al[4]c 
(%) 
Al[4]d 
(ppm) 
Al[4]d 
(%) 
Lv3_CAP_1w - - - - - - - - 
Lv3_CAP_4w - - - - - - - - 
Lv3_CAPS_1w 68.9 3.9 59.1 35.7 55.8 6.4 - - 
Lv3_CAPS_4w 61.7 11.7 58.8 21.4 55.9 11.3 53.4 3.3 
 
 Al[6] 
 Al[6]a 
(ppm) 
Al[6]a 
(%) 
Al[6]b 
(ppm) 
Al[6]b 
(%) 
Al[6]c 
(ppm) 
Al[6]c 
(%) 
Al[6]d 
(ppm) 
Al[6]d 
(%) 
Lv3_CAP_1w 12.9 4.5 10.7 72.9 5.9 22.6 - - 
Lv3_CAP_4w 12.9 2.0 10.6 31.9 6.4 31.5 2.6 34.6 
Lv3_CAPS_1w 12.9 12.1 10.4 7.5 6.0 34.3 - - 
Lv3_CAPS_4w 12.9 4.8 10.1 1.3 5.4 44.7 1.2 1.5 
 
œ 5ğ éĮīƸƈDƧ%9Əđ~`ti}(QFŕýÇůD×Ů 
 
 155 
/@OŶU9 Ca(OH)2)RD CaCO3*ƠĸCBT/@)R¾3T/@*æ'R
UT  
 Əđ÷XŶU9 Lv3_CAPS_carbonation ?EAl[4]ƀDxbDŅ *¬ŷ0
UTĢ½19 Lv3_CAPS D NMR Õ¢)RƏđ÷@ŶU9 Ca(OH)2@DžC
Q;> C-S-H *ıĮ0UAl3+*ĀƚŎ@1> C-S-H Cř±0UT/@E¬ŷ19
/DĦŐDfyXŕý059ģéLv3_CAPS_1w @ Lv3_CPAS_4w X Al[4]
ƀDxbXƁ­1>LT@Lv3_CAPS_1w ? 46%(QF Lv3_CAPS_4w ? 4
8!@1>Al[4]ƀDĽŎƲEIJŰ2?$SLv3_CAPS_1w ?E 69ppm Dx
b*Ĝ1×Ė0UT*ĽſŦC 70~65ppm Ëę)R 60ppm DƑCxbEů
1>(SLv3_CAPS_4w ?ExbDĕħ*O;@ţ% ppm DƑCů1>%T
 
Fig5.18 27Al MAS NMR chemical shift (Lv3_CAP_carbonation) 
 
 
Fig5.19 27Al MAS NMR chemical shift (Lv3_CAPS_carbonation) 
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/DQ&BÐäĭE Lv2_CAS_carbonation DÕ¢@ă>(SAl[4]ƀDƁƭCE
ï*$T*/UE Ca(OH)2DŋöCQ;>ŕýťŬ*BT/@)R¾3T
@æ'RUTK9Al[6]ƀDxb?O ettringite *Ý;>monocarboalumin
ateDŅ *¬ŷ0UTĢDéĮīƸƈXƧ%9 27Al NMRDÕ¢?Eœ 3ğ
(QFœ 4 ğ?¬ŷ0U9Q&Bj~qzhqDƏđž(QFŕý~`
ti}@)BSă>%TÐäĭ*¬ŷ0UTòâC©fyDŁŏƁ­D9
NŕýĺDfyX·K59 27Al NMR DÕ¢X Fig5.20 CĈ3  
 
 
 
Fig5.20 27Al MAS NMR chemical shift (all samples) 
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5.3.2.3.2 29Si NMR  
 Table5.11 (QF Fig5.21 C Lv1_CS_carbonation D 29Si NMR DÕ¢XĈ3éĮ
19 C-S-H @Əđ÷DžCQ;>Ca/Si Ɓ*ţ,B;9 Lv1_CS Xŕý05
9Õ¢Lv1_CS_1w ?EĽŎDƞ 20!* Q3(QF Q4Cĕé1Lv1_CS_4w K?
ŕý*Īç0U9ģéE 60%ĢD Q3(QF Q4CB;>%TCa(OH)2*B%
ĦŐ?C-S-H )RD Ca2+*şĵ CO2@ž1Ca *B,B;9 Ca-modifed SiO2
@1>ĕé1>%T/@*æ'RUTK9Q3Cŏ3T Q4DƁƭE Lv1_CS_1w
?E 1.94 żLv2_CS_4w ?E 2.34 ż?Ĝ1Ņ 1>%T*IJŰ2Ðäĭ*¬
ŷ0U9  
 éĮ AluminateīƸƈ@Əđ÷@Ŕų?ž059fyXŕý059 Lv1_
AS_carbonation DÕ¢X Table5.12 (QF Fig5.22 CĈ3ŕýĺD Lv1_AS ?-7
8~95ppm Dƀ?ßU9xbEŕýCQ;>-88~-110ppm D Q3(QF Q4CB
;>%T*Lv1_AS_1w (QF Lv1_AS_4w ?IJŰ2ƁƭDxb*×Ė0U>
(SŕýºµCQTïEŲCB%©xbC<%>EŕýCQ;>ĕé
1Z|vgdqƈċ@1> Q4(4Al)(-80~-85ppm)Q4(3Al)(-85~-98ppm)Q
4(2Al)(-93~-103ppm)Q4(1Al)(-96~-110ppm)(QF Q4(0Al)(-100~-120ppm)Dxb25
*ßU>%T/@*ƣĿ0UT  
 
Table5.11 29Si NMR chemical shift and relative intensities (Lv1_CS_carbonation) 
 Q1 
(ppm) 
Q1 
(%) 
Q2 
(ppm) 
Q2 
(%) 
Q3 
(ppm) 
Q3 
(%) 
Q4 
(ppm) 
Q4 
(%) 
Lv1_CS_1w -78.8 38.5 -84.3 41.8 -100.1 6.7 -110.3 13.0 
Lv1_CS_4w -78.8 16.4 -84.4 20.4 -99.1 19.0 -110.3 44.2 
 
Fig5.21 29Si MAS NMR chemical shift (Lv1_CS_carbonation) 
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 ĆCéĮ C-S-H @ Aluminate ÒīƸƈXíé19 Lv2_CA_carbonation DÕ¢X
Table5.13 (QF Fig5.23 CĈ3Lv2_CA_1w ?E Q1*ĽŎD 46.9!Q2* 25.8%
?$T*4 ĒµK?ŕý059 Lv2_CA_4w ?E Q1* 17.5%Q2* 10%K?Ý
SQ3(QF Q4Dxb@1>×Ė0UT/@)RŕýCQT C-S-H ?D C
a2+DƦĖCQ;> Ca-modified SiO2 CB;>%T/@*ƣĿ0UT1)1Lv2
_CA_1w ? Q3* 8.9%(QF Q4* 18.3%Lv2_CA_2w ? Q3* 30.8%(QF Q4* 4
1.7%@1>Q4 DŁŏƁƭ*è,B;>(Sœ 4 ğDj~qzhqXƧ%
9ģéDÕ¢L9%C Q4QS Q3*ō,BTÐäĭE¬ŷ0UB%C-S-H ?D C
a2+DƦĖCQ;>ĉƢCB;9 Si ĀƚŎ* Al ĀƚŎ@Ŕų?Õé1Q4(mAl)P
Q3(mAl)10, 25@1>ßUT/@EŴ1%@æ'RUT  
 ƑƏđ÷OíŶ19 Lv2_CAS_carbonation ?E Lv2_CA_carbonation @EB
TÐäĭ*¬ŷ0U9Lv2_CAS_carbonation DÕ¢X Table5.14 (QF Fig5.24 C
Ĉ3K4Lv2_CA_1w ?ƞ 46%(QFƞ 26!K?ŋö19 Q1(QF Q2EƏ
đ÷XŶU9ģé Lv2_CAS_1w ?Q1 * 13.4%Q2 * 15.2%?I@YADƲ*
Q3(QF Q4Cĕé1>%T/@*¬ŷ0UT/UEœ 4 ğ?ÀƷ19Q&C
Əđ÷DZ`ĮƉ?$T Na+*Al ĀƚŎ@ Si ĀƚŎDř±CQTŪ£w
Table5.12 29Si NMR chemical shift (Lv1_AS_carbonation) 
 ppm 
 Q3a Q3b Q3c Q3d Q4a Q4b Q4c 
Lv1_AS_1w -88.4 -92.6 -95.9 -98.8 -102.9 -108.0 -111.5 
Lv1_AS_4w -87.3 -91.1 -96.4 -100.2 -105.8 -109.5 -112.4 
 
 
Fig5.22 29Si MAS NMR chemical shift (Lv1_AS_carbonation) 
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hĄD9NC C-(A)-S-H CÃś1ŕý*ŇĪ0UT¡Źĭ*æ'RUT
4 ĒµK?ŕý059 Lv2_CAS_4w ?OQ1(QF Q2*Ý;>%T*7DƲ
EĜB%1 ĒµK?DŇĪŕý?C-S-H )RI@YAD Ca2+*ƦĖ0U>%
T/@*ƣĿ0UT  
 K9Q3(QF Q4xbC<%>E Lv2_CAS_1w ?E Q3* 34.5%(QF Q4*
36.9%Lv2_CAS_4w?E Q3* 37.2%(QF Q4* 39.0%CB;>(SƏđ÷XŶ
U>O Q4 DŁŏƁƭ*Ĝ1è,B;>%T*Lv2_CA_carbonation ? 10%ĢC
B;9/@QSEï*ĜB%27Al NMR?¬ŷ0U9 AlĀƚŎ@1>ßU9x
b*Ca2+*B,B;9 Si ĀƚŎ@Õé1Z|vgdqÒƈċ@1> 29Si
 NMR ? Q3(QF Q4ƀ?×Ė0U>%T/@*ƣĿ0UT  
Table5.15 )R Table5.16 (QF Fig5.25 )R Fig5.26 Cīý`g]}K?æ
ư19 Lv3_series_carbonationDÕ¢XĈ3K4Lv3_CAP_1w?EŕýCQ
;> Q1* 15.8%K?Q2* 10.7!K?Ý;>Q3(QF Q4@1>ĕé0U>ßU
>%T"ĒµK?EQ2CƁH> Q1DłŎƁƭ*è,B;>(SQ3Cŏ3T
Q4 DƁƭO 1:1 XĄ1>%T#ĒµK?ŕý059 Lv3_CAP_4w ?EQ1
* 6.6%K?Ý;>Q2E 12.7%K?Ņ'>%TQ1Dĕé)RQ2*Ĝ1Ņ'T
Table5.13 29Si NMR chemical shift and relative intensities (Lv2_CA_carbonation) 
 Q1 
(ppm) 
Q1 
(%) 
Q2 
(ppm) 
Q2 
(%) 
Q3 
(ppm) 
Q3 
(%) 
Q4 
(ppm) 
Q4 
(%) 
Lv2_CA_1w -78.0 46.9 -83.6 25.8 -100.2 8.9 -109.7 18.3 
Lv2_CA_4w -78.7 17.5 -84.6 10.0 -101.7 30.8 -110.9 41.7 
 
 
Fig5.23 29Si MAS NMR chemical shift (Lv2_CA_carbonation) 
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/@*ƣĿ0UTK91 Ēµ? 1:1 XĄ19 Q3/Q4 DƁƭE#ĒµK?Ň
Īŕý05T@ Q4 * 50.8%ĢCBSQ3 E 29.9!CĜ1Ý;>%Tŕý
CQ;> Ca2+*ƦĖ0U> Ca-modified SiO2?D Ca/Si *ţ,B;>(SO;@
Oĕé0U9 Q4@1>ßU>%T/@*ƣĿ0UT  
Əđ÷XŶU9 Lv3_CAPS_carbonation ?ECa(OH)2@Əđ÷Dž)R C-S-H
ÒīƸƈ*ıĮ0UQ1(QF Q2Dxb* Lv3_CAPQSŅ'>%T/@?"Ē
µŕý059 Lv3_CAPS_1w?O Q1* 40.8%Q2* 20.8!K?60%Ģ*Ą
0U>%TK9Q3* 15.5%Q4ƀDxb* 22.9!?ŁŏŦC Q4*è,
B;>%T#ĒµK?ŕý059 Lv3_CAPS_4w ?EŕýCQT Q1 (Q
Table5.14 29Si NMR chemical shift and relative intensities (Lv2_CAS_carbonation) 
 Q1~Q2 
 Q1 
(ppm) 
Q1 
(%) 
Q2  
(ppm) 
Q2 
(%) 
Lv2_CAS_1w -78.6 13.4 -84.1 15.2 
Lv2_CAS_4w -78.8 12.3 -84.5 11.5 
 
 Q3~Q4 
 Q3 
(ppm) 
Q3 
(%) 
Q4a 
(ppm) 
Q4a 
(%) 
Q4b 
(ppm) 
Q4b 
(%) 
Q4c 
(ppm) 
Q4c 
(%) 
Lv2_CAS_1w -98.5 34.5 -104.9 9.7 -108.5 13.4 -111.6 13.8 
Lv2_CAS_4w -99.5 37.2 -106.1 12.6 -109.4 13.4 -112.3 13.0 
 
 
Fig5.24 29Si MAS NMR chemical shift (Lv2_CAS_carbonation) 
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F Q2Dĕé*Īç0U>%T*Q1* 28.7%Q2* 12.5%?K: 40%Ģ* Q1
(QF Q2Dåņ?ŋö1>%TK9Q3E 29.9%Q4ƀDxb* 28.9!K
?Ņ'>%T*7D Q3Cŏ3T Q4DƁƭEIJŰ2CB;>%TŅ'>%T
Q3 C<%>EQ1 (QF Q2 *ĕé1>%T¤ťDūŜ?Ŗ§ŦC Q3 DƁƭ*
Ņ'>%T/@*ƣĿ0U>(Sŕý*O;@ĪM@ Q4 DƁƭ*è,BT¡
ŹĭO$T1)127Al NMR @DÕ¢@Ɓ­1>LT@ Ca2+*B,B;9 Ca-
modified SiO2* Al3+P Na+@DÕé1Z|vgdq@1>ßU>%T¡Ź
ĭ*æ'RUT  
 
Table5.15 29Si NMR chemical shift and relative intensities (Lv3_CAP_carbonation) 
 Q1~Q2 
 Q1 
(ppm) 
Q1 
(%) 
Q2  
(ppm) 
Q2 
(%) 
Lv3_CAP_1w -77.5 15.8 -83.4 10.7 
Lv3_CAP_4w -78.0 6.6 -83.3 12.7 
 
 Q3~Q4 
 Q3 
(ppm) 
Q3 
(%) 
Q4a 
(ppm) 
Q4a 
(%) 
Q4b 
(ppm) 
Q4b 
(%) 
Q4c 
(ppm) 
Q4c 
(%) 
Lv3_CAP_1w -101.4 36.8 - - - - -110.3 36.8 
Lv3_CAP_4w -101.4 29.9 - - - - -110.5 50.8 
 
 
Fig5.25 29Si MAS NMR chemical shift (Lv3_CAP_carbonation) 
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5.4 /2  
5.4.1 29Si NMR  Mean chain length(C4#> ) 
ŇĪŕýĺDfyC<%>œ 3 ğ?æú19Ċ(3.10)XƧ%9 MCL X
Table5.17CĈ326éĮ19 C-S-H(QF Lv1_CSDƁ­?ELv1_CS* 2.56?
éĮ C-S-H D 2.34 QSĜ1Ş,B;>%T*/UEƏđ÷)RD Si CQ;> C-
S-H ?D Ca/Si *ţ,BSMCL *Ĝ1Ņ'T@æ'RUTLv2_series DƁ­?
EƏđ÷DơƖCQ;>BTÐäĭ*¬ŷ0UT*Lv2_CA DģéAluminate
ÒīƸƈ)RD Al ¶ÏD 29Si NMR xb*ŲC×Ė0U>B%/@)RéĮ
Table5.16 29Si NMR chemical shift and relative intensities 
(Lv3_CAPS_carbonation) 
 Q1~Q2 
 Q1 
(ppm) 
Q1 
(%) 
Q2  
(ppm) 
Q2 
(%) 
Lv3_CAPS_1w -77.9 40.8 -83.4 20.8 
Lv3_CAPS_4w -77.8 28.7 -83.5 12.5 
 
 Q3~Q4 
 Q3 
(ppm) 
Q3 
(%) 
Q4a 
(ppm) 
Q4a 
(%) 
Q4b 
(ppm) 
Q4b 
(%) 
Q4c 
(ppm) 
Q4c 
(%) 
Lv3_CAPS_1w -98.2 15.5 -105.9 9.8 - - -110.6 13.1 
Lv3_CAPS_4w -98.9 29.9 -107.9 15.8 - - -110.9 13.1 
 
 
Fig5.26 29Si MAS NMR chemical shift (Lv3_CAPS_carbonation) 
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19 C-S-H@IJŰ2 2.29CB;>%T1)1Əđ÷@ AluminateÒīƸƈX
ŰąCŶU9 Lv2_CAS?EQ1(1Al)(QF Q2B(1Al)BAD Al¶ÏDxbDÊ
?5.41 K?Ş,B;>%T/@*¬ŷ0UTC-S-H ?D Al ř±CQ;> MCL
*Ş,BT/@E3?CƐê0U>(Sœ 3 ğDÕ¢?O¬ŷ0U>%TK9
Lv3_series DÕ¢?O Lv3_CAP D 2.53 @ Lv3_CAPS D 3.73 ?Əđ÷DÊ? Al
*ř±0U>(SMCL *Ş,BTÕ¢*¬ŷ0UT  
 
5.4.2 27Al NMR  29Si NMR  Ca-modified SiO2 Al/Si 
//?EfyCŶU9òĘD Al2O3(QF SiO2D·ơƲ(QF 27Al NMR
29Si NMR DxbX deconvolution19Ɓƭ)RCa-modified SiO2?D Al/SiC<
%>×Ů3TéĮ C-S-H ?D SiO2DƲC<%>E Table5.18 CĈ19 XRF DÕ
¢)RéĮ Aluminate īƸƈD Al2O3 DƲC<%>EéĮ19īƸƈDľĮXĢ
½D 5.3.1.3.1 ?ķƘ19 ettringite_b(Ca4Al2O7•SO3•12H2O)CŤ1>Ôü19Al
uminate ÒīƸƈXŶU>B% Lv1_CS Xě%9Ľ>DfyDÕ¢X Table5.19
CĈ3  
K4Lv1_AS Dģéŕý05>B%fy?O 50%ĢD Al2O3* Al[4]
@1>ŋö10.11 ĢDè% Al/Si Ɓ*¬ŷ0U>(Sŕýºµ*Ş,BT
IA 0.151(QF 0.171K? Al/SiƁEè,BTœ 4ğ?j~qzhqDÕ¢
)ROÀƷ2719Q&C Ca*ĜB%(C, N)-A-S-HeE 0.05<Al2O3/SiO2<0.43Dƀ
?Ą0U>%T/@*Ɛê0U>(SƓfy?O7DƀXƕŉ1>%
T/@*ƣĿ0U>Z|vgdqīƸƈ@1>ßU>%T/@*æ'RU
Table5.17 Mean chin length (non carbonated Lv_series) 
 MCL by Eq(3.10) 
Syn.C-S-H 2.34 
Lv1_CS 2.56 
Lv2_CA 2.29 
Lv2_CAS 5.41 
Lv3_CAP 2.53 
Lv3_CAPS 3.73 
 
Table5.18 Chemical composition of Synthesized C-S-H 
 CaO SiO2 etc 
Syn.C-S-H 61.86 37.45 0.69 
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TK9Lv2_series (QF Lv3_series ?OƏđ÷XŶU9fy* 27Al NM
R ?D Al[4]ƀDxbDƁƭ*è,B;>%T/@)R Al/Si *Ņ 1>(S
ŕý)R Al[4]ƀ*Ņ'>Al/Si *Ņ 3T/@O¬ŷ0UT  
ŕýCQT Ca-modified SiO2?D Al/Si *Ņ'>%T/@C<%>29Si NMR
Table5.19 Al/Si in Ca-modified SiO2 
 SiO2 (mol)) Al[4]_27Al NMR (mol) Al/Si (mol) 
Lv1_AS 0.0397 0.00423 0.1066 
Lv1_AS_1w 0.0397 0.00598 0.1508 
Lv1_AS_4w 0.0397 0.00680 0.1713 
Lv2_CA 0.0561 0.00044 0.0078 
Lv2_CA_1w 0.0561 0.00000 0.0000 
Lv2_CA_4w 0.0561 0.00146 0.0260 
Lv2_CAS 0.0958 0.00306 0.0320 
Lv2_CAS_1w 0.0958 0.00691 0.0721 
Lv2_CAS_4w 0.0958 0.00673 0.0703 
Lv3_CAP 0.0561 0.00070 0.0125 
Lv3_CAP_1w 0.0561 - - 
Lv3_CAP_4w 0.0561 - - 
Lv3_CAPS 0.0958 0.00146 0.0152 
Lv3_CAPS_1w 0.0958 0.00370 0.0386 
Lv3_CAPS_4w 0.0958 0.00383 0.0400 
 
 
Fig5.27 Relationship between SiO2(Q3 and Q4) and Al[4] 
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?¬ŷ19Q&CŕýCQ;> Q1(QF Q2Dxb*ĕé1> Q3(QF Q4B
SAl* Q3(QF Q4Dƀ?Õé1>/@*æ'RUT/DŤC¸=%>
Fig5.27 CĈ19Q&CŕýCQT 29Si NMR D Q3+Q4xbD SiO2Cŏ3T 27
Al NMR D Al[4]D¶ÏXæ'>%T@Ɓƴ1>%T¶Ïĭ*¬ŷ0U>(S
/DÕ¢)ROŕýCQ;> Ca2+*B,B;9 SiO2C Al3+(QF Na+*Õé1>
%,¡Źĭ*Ĉî0UT  
 
5.4.3 29Si NMR  None bridging oxygen 
Table5.20CĊ(3.11))RÄN9éĮ19fyD NBO/SiŗXĈ328Ľfy
?ŕýCQT NBO/Si DÝĜ*¬ŷ0U>(SCa2+DƦĖCQ;> CaO
SiDÕé*Ý;>%T/@*æ'RUTƏđ÷DơƖCQTƍC<%>Lv
2_series_carbonation @ Lv3_series_carbonation ?EĜ1BTÕ¢*¬ŷ0U>%T
*Lv2_CA_carbonation ?E"Ēµŕý059 Lv2_CA_1w D 2.014 ĒµD
Lv2_CA_4w ?E 1.03 @1>ŕýºµCQ;>:Y:YÝ;>%T/@*¬ŷ
0UT7DƑƏđ÷XŶU9 Lv2_CAS_carbonation ?E"Ēµ? 1.05CB
;>(SI@YAD Ca2+*"ĒµK?DŇĪŕý?3?CƦĖ0U>%T/@
Table5.20 NBO/Si in Ca-modified SiO2 
 NBO/Si in Ca-modified SiO2 
Lv1_CS 2.78 
Lv1_CS_1w 2.06 
Lv1_CS_4w 1.09 
Lv2_CA 2.88 
Lv2_CA_1w 2.01 
Lv2_CA_4w 1.03 
Lv2_CAS 2.45 
Lv2_CAS_1w 1.05 
Lv2_CAS_4w 0.97 
Lv3_CAP 2.79 
Lv3_CAP_1w 1.06 
Lv3_CAP_4w 0.75 
Lv3_CAPS 2.67 
Lv3_CAPS_1w 1.80 
Lv3_CAPS_4w 1.41 
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*æ'RUTK9Əđ÷D SiĮƉCQ;> C-S-H?D Ca/Si*ţ,B;>%T
/@)RNBO/Si OĉļCţ,BT@ƣĿ0UT  
K9Ca(OH)2XŶU> Ca/Si *è,B;9 Lv3_series_carbonation ?EƏđ÷X
ŶU>B% Lv3_CAP_1w ?3?C C-S-H )RI@YAD Ca2+*ƦĖ0U>%T/
@*¬ŷ0UTƏđ÷(QF Ca(OH)2 XĚCŶU9 Lv3_CAPS_carbonation ?
E Lv3_CAPS_1w D 1.80(QF Lv3_CAPS_4w ?E 1.41K?ŕý059ŌDf
yQSè%Õ¢XĈ1>%T*/UEƏđ÷@ Ca(OH)2Dž? C-S-HÒī
Ƹƈ*)BSŅ'>(SÕé1>%T CaDƲOŅ 3T/@)RÛD Ca/Si*
è,B;>%T/@*ÜCB;>%T¡Źĭ*æ'RUT  
 
5.5   
 Ɠğ?EéĮīƸƈXƧ%9©íéĥÖCQTd\ýsq]}DÊX¬ŷ
3T9NCpH ňŤ(QF XRDàŎ NMR DňŤXç;9K9ŇĪŕý
ČÚCQTŕýÇůO¬ŷ19Ɠğ?űRU9Õ¢XC½3  
1) fyD pH DňŤÕ¢ŕý05TĺDĽ>Dfy* 12 ĢD
pH XßU>%TK9Lv1_series_carbonation (QF Lv2_series_carbonation ?E
ŕýCQ;> 10~11 ƀXßU>(SƏđ÷XŶU9ģé* pH DţŊŬ*
Ŋ,BT/@*¬ŷ0U91)1Lv3_series_carbonation ?E#ĒµK?ŕý
059fyO 12 ĢD pH XĄ1>(SK9Əđ÷XŶU9 Lv3_CA
PS_carbonation DƑ*è% pH XßU>%T*íŶ19 Ca(OH)2 @Əđ÷Dž
)R C-S-H ÒīƸƈDıĮ*Ņ'>%T/@*Ü:@ƣĿ0UT  
2) ©fyD XRD DňŤÕ¢ÕĞĭDéĮ C-S-H Dxb*¬ŷ0U
>%TK9éĮ Aluminate ÒīƸƈEƂĞċDÕ¢*¬ŷ0UT*Əđ÷
@ž059 Lv1_AS?EÕĞD ettringiteDxb*¬ŷ0U9Əđ÷XŶU9
fy?ÕĞĭD C-S-H ÒīƸƈDxb*Ņ 1>(SƏđ÷D Si ĮƉ*
C-S-H@Dž)RÕé1C-S-H?D Ca/Si*ţ,BT/@*ƣĿ0UTK9
ŇĪŕý059fy?E Cacitevaterite (QF aragonatie BADŕýƈċ
*¬ŷ0U9*Əđ÷XŶU9ģé?E Calcite DŁŏŦCŀNCıĮ0U>%
T/@*¬ŷ0U9  
3) 27Al NMR (QF 29Si NMR DÕ¢)RƏđ÷XŶU9 Lv2_CAS (QF
Lv3_CAPS ? Al[4]ƀDxb*×Ė0U>(Sœ 3 ğ?ķƘ19 C-S-H ?D
Al3+/Si4+Dř±*ĠƘ0U9K9ř±0UTģęC<%> Q1(1Al)Q2B(1Al)(
QF Q2P(1Al)BA*ƣĿ0U>(SƏđ÷DZ`ĮƉ*ř±žCÊXƤ
'>%T/@*/DÕ¢)RO¬ŷ0UT  
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4) éĮ Aluminte īƸƈ@Əđ÷Xşĵž059 Lv1_AS D 27Al NMR (Q
F 29Si NMR DÕ¢?EſŦCéĮ C-S-H XŶU9fy@EĜ1BTÕ
¢*¬ŷ0U>(SZeloiteÒīƸƈPZ|vgdqD¡Źĭ*æ'RUT  
5) ŕý059Ľ>DfyD 27Al NMR (QF 29Si NMR DÕ¢)R
œ 4 ğDÕ¢DQ&C Ca2+DƦĖCQ;> Ca @DÕé*B,B;9 SiO2*Al3+
P Na+@Õé1>%T¡Źĭ*¬ŷ0U9ŲCƏđ÷XŶU9fyD 27Al 
NMR DÕ¢?EŕýCQ;> Al[4]ƀDxb*Ņ'>(SƏđ÷)R¾
19 Si4+(QF CaCO3DıĮ)R pH Dţ@ÈC Ca *B,B;9 Ca-modified Si
O2@ž129Si NMR D Q3(QF Q4Dxb@1>ßU>%T¡Źĭ*¬ŷ0
U9űRU9Õ¢@Õ¢)RDƣĿ(QFæúXÍƌ1> Table5.21 Cįƫ19  
 ĢDÕ¢)Rœ 3 ğ(QFœ 4 ğ?¬ŷ0U9d\ýÒƅƚ·Ĩ÷DZ
`ĮƉDÊCQ;>ıĮ0UT C-S-H ÒīƸƈ?D Al3+/Si4+Dř±*¬ŷ0
U>(SŕýCQT pH Dţ@@OC Ca2+*B,B;9 Ca-modified SiO2*
Al3+(QF Na+@Õé0U>åņŦC C-S-H QSĉƢBåņD(C, N)-A-S-H BAD
åņCB;>%T¡Źĭ*¬ŷ0U9//K?ű9Õ¢C¸=%>d\ýÒ
ƅƚ·Ĩ÷XŧƧ19ßģfyDƉĳ(QFd\ýÒƅƚ·Ĩ÷DZ`
ĮƉDŕýCQTƍC<%>œ 6 ğ?×ŮXç&  
 
Table5.21 Result and Discussion 
ČÚÕ¢  Õ¢)RDƣĿ(QFæú  
• ·Ĩ÷@ Aluminate ÒīƸƈDŔųž
)RžCQ;> Al[4]ƀCBT
/@*¬ŷ0Uœ 3 ğD·Ĩ÷* Ca
(OH)2 ¨Dƈċ@Ož3T/@*¬
ŷ0U9K9C-S-H *$TģéAl
[4]ƀ@1>×Ė0UT Al E C-S-H C
ř±0UT/@*¬ŷ0U9  
• NMRDÕ¢)Rœ 4ğ?¬ŷ0U9Q
&C·Ĩ÷@ž059fyD CaC
O3 DıĮƲ*ō,BT/@*¬ŷ0U
9  
• ŕýCQ;> C-A-S-H ?ƦĖ0U9
Ca DőWSC Na (QF Al *Õé3T
Ðäĭ*//?O¬ŷ0U9  
• ·Ĩ÷DŭŶAl ř±CQ;>
MCL *Ş,BTÐäĭ*¬ŷ0
U>(Sœ 3 ğDæúDÕ¢@
Ś1>%T  
• éĮīƸƈfyXŕý0
59fyDģé 27Al NMR
DÕ¢)RĀƚŎ@1>×Ė0U
T Al DŅ (QF 29Si NMR DÕ
¢)R Q3Q4 DŅ *¬ŷ0U
T©Ņ D¶ÏDƁ­)RƁƴ
1>%T/@*¬ŷ0U>(S
Al * SiO2@Õé1 Q3Q4Dx
b@1>×Ė0U>%T/@*ƣ
Ŀ0UT  
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6.1   
Ť 3 Ĳ G 5 Ĳ@49Ü 8F03YQĄÙƠƻ¼ĸÿMǆ.ĵóưĠ
ÿ9OzU•Łƨ!ưĠƖEŧĄ8ÑMǄI&5!¬Ɛ'g.Ƌ8ư
Ġ9ãǋ5(3Uz]Rt]•YeļǚƧ (C-S-H)9ŃŁ¨8ưĠÿ5Oz
sheÙļǚƧ59ƖF;OzU•Łƨ9Ŝþ G C-S-H 8 Al !Ūµ'g
3HOzU•Łƨ!ÆŬ'g. C-S-H !ŧĄ'gI&5 GCa-modified 
SiO29ïŘ!Ʈ(3ñ$&5!ǃő'gI  
ƵĲ4:õ@49Ü 8½23YQĄÙƠƻ¼ĸÿ9OzU•Łƨ9ŧĄ
8FIƮF;ŧĄ8FIšÄŀŶ8N3ÞƆ)IYQĄÙƠƻ¼ĸ
ÿMŻǆ(.æĵ9[~ozMǆ. X Ō¦Ŋƨņ(X-ray diffraction  XRD)
 G9Üıœ9CF;ſĊŌrQW|OgxQ\(Electron Probe Micro Analyz
er EPMA)ƨņMñ@.Ť 3Ĳ GŤ 5Ĳ9[~ozMǆ3OzU
•Łƨ9¨Ƥļƨ8FIǅĩEƮM 23Na òƨ¥Ɠ«ē¿Îƺ(Nuclear Magnetic 
Resonance  NMR) G¹Ś)Iùç8ŧĄ'+.o{e[~ozMǆ
.ļķ¿ªĂÖĽ GƧėƇŸîŀMÞƆ)I  
 
6.2 4F9C! bO  
6.2.1 B3'i  
6.2.1.1 @3S  
Żǆæĵ GZO[~ozMúě(ŚŷMñ70.úěæĵ9ǊǕ5(3
æþYQĄÙƠƻ¼ĸÿ9ƀƣç G 2 Ƒ9æĵ4ưĠƈđYQĄÙƠƻ
¼ĸÿF;żý5(3 Ca Mƀƣ'+.æĵ4I°H9æĵ5(3æ
þƠƻ G 20mm ŹƁŧĄ!Ļñ'g3HFig6.1 9F8ZO[~ozM
ňŨ(Ơƻ G 1-11-21-3F; 1-45(3hs~X(3Śŷ8²ǆ(.  
 
Fig6.1 Core samples 
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6.2.1.2 RVef  
6.2.1.2.1 XRD RV  
XRD Śŷ8FH©lƧF;ļǚƧ9ŃŁűłM¬Ɛ(.XRD 9Śŷ:9Ɵ
ĪƧė5(3Ozsg(α-Al2O3)M9±4 5wt%ż(3ñ0.XRD Śŷ8:
Rigaku 9 Smart Lab X ŌŔŪMǆX Ōå CuKα·ſA 40kV·ſǏ 30mA
ŕøƘ@ 3~90°/2θǘÜ^Vw~v1f^Vw~^l1f 1°/min[~oy~X
º® 0.02°/step 9TÝ4Śŷ(.  
 
6.2.1.2.2 EPMA RV  
EPMA 9Śŷ8FH©Ƨė9Ơƻ G9ƒƁM¬Ɛ(.EPMA 9Śŷ8:ZO
[~oz9Ơƻ GĹ'Ʊê8 40mm @4 50mmĦ 40mm 9Ƙ4ƨņ(.
Śŷ9ƨ±Ľ: 500x400ƨ±ŽľƲ: 0.1mm0.1mm 4Śŷâŏ: AlCSi
CaNaSi 4I  
 
6.2.2 B30&  
6.2.2.1 XRD 0&  
æĵúě[~oz9 XRD Ü M Fig6.2 8Ĕ)1-1 9Ʊ!Ơƻ GÓ[~
oz4IƠƻ GÓ 1-1 F; 1-2 4: CaCO3(2deg 23.07, 29.23, 36.
18, 39.54, 43.13)9lW!Þĩ'J3H1-1 4: 13.5%1-2 4: 6.7%
4ŧĄ! 1-29Ĺ'@4:Ļñ(3I&5!¬Ɛ'JI@.1-1F; 1
-2 4: Ca(OH)2(2deg 18, 28, 34, 47, 50.7, 54.5)9lW:Þĩ'
J37!1-3F; 1-44:ƾ 1.58%F; 1.98%!Þĩ'J3Hżý5
(3ƏJ. Ca(OH)2!ưĠÿ59ƖF;ŧĄ G7$703I&5!ð
GJIŎ[~oz4 Quartz(2deg 21.31, 27.10, 37.08, 43.36)9lW
:ôÿ GÂ(3I&5!ǃő'JI  
Ơƻ G9Ĺ'8F037I×êŀ!¬Ɛ'JIlW:9ppm 9 Muscovite
9ŐŁ5Ǔď(. K(Al4Si2O9)(OH)3 5í$ƨƣ(3I Albite((Na0.84Ca0.16)Al1.16
Si2.84O8)F; Anorthite-sodian(Ca0.72Na0.28(Al1.72Si2.28O8))9ŐŁ8Ǔď(.lW4
I@*9ppm ÓĬ4¬Ɛ'JI Muscovite ÙƧė: 1-1 4:ƾ 4%4I!
1-2 4: 6.75(3İ(ŗ3H1-3 4:@. 3.5%5(3ä03I@
.Muscovite ÙƧė¨8Albite ÙƧėE Anorthite-sodian ÙƧė813D
&9×êŀ!¬Ɛ'J3I!1-1 4 12%1-2 4 15.9%F; 1-3 4: 13%!¬
Ɛ'JI&9F7 MuscoviteE AlbiteF; Anorthite-sodianÙƧė9Ǒ81
3ưĠÿ5OzUyŁƨ5»Ö(3I MuscoviteAlbite F; Anorthite-sodia
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n ÙƧė!ưĠÿ59Ɩ8F03Ơƻ GÓƤƨ(1-1 F; 1-2)8ŃŁ'J
I!Ơƻ4I 1-1 4:¨Ƥļƨ8F03ǅĩ'J3H1-2 FH:Ǒ!ä0
3IƓŀ!ðGJII:OzUyŁƨ9ªĂ8½23ð3AI
5Ơƻ9 Na!9Ʊ8İ(Ƈ(3H-9ªĂ! 1-2E 1-3@4Ļñ(3
Muscovite E Albite F; Anorthite-sodian ÙƧė9Ǒ! 1-1 FHœŠź8Ş$7I
Ɠŀ!I@.©[~oz9ƛıė9ŷǑ! 1-1 5 1-2 4:ƾ 50%87I!
1-3F; 1-44: 60%Ĵ8703I&5:ƛıė9ŧĄ!ǃő'J3H
C-S-H ÙƧė!Ơƻ9ÓƤƨ GŧĄ'J3I&5!ðGJI  
 
Fig6.2 XRD pattern of Core samples 
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6.2.2.2 EPMA 0&  
Fig6.38 EPMA9Śŷ£Ŗ5Ơƻ G9ËǍ8FI CaSiF; Na9ƒƁM
Fig6.4 Ĕ)CaSi F; Na 813Z~WyeƠƻƱƲ GĹ' 0.5mm lb
aƬÒ4ăĩ(3IƒƁ8»)IŎ39Ü :d`īǋ8FHôÿMěH
Į"_u~ep^eƤƨ9Aůĩ(.ôÿƨǍ9ƬÒũ4I  
@*Ca F; Si 9Ü 4: 1-1  G 1-4 Ƙ49÷:Ƌ8¬Ɛ'J7Z
~Wye9ĚŁƨ87I Ca F; Si :ưĠÿF;żý G9 Ca F;
Si9ƒƁƮ:Ŏş9Ǒ8ƚ=3ţ"$7&5!ǃő'JI( (ưĠÿ9
OzUyŁƨ4I Na 813:Ơƻ G9ËǍ8F037I&5!¬Ɛ'J
.[~oz 1-1 9Ƙ4IƠƻ G 10mm @4:1.2wt%@4ƒƁ!İ(ŗ
3H1-2 9Ƙ4I 10mm~20mm 4D 1.6wt%@4ŗ3I1-3 9Ƙ4
 
Fig6.3 Image of EPMA 
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I 20mm~30mm 4:22mm 9ÓĬ4 1.8wt%5(3ùţũ87I!25mm~40m 
m @4: 0.6wt%@4ÇÛ8ä03I&5!¬Ɛ'JI&&41-3 F; 1-
4 4¬Ɛ'JIùįũ4I 0.6wt%9ƒƁ!_u~ep^e G9 Na ƒƁ/5
ŷ(-9Ĵ9ƒƁ87I&5:ưĠÿ GÂ(. Na !ƒƁ÷8F03
9Ʊ8ªĂ(3I&5!ǃő'JI@.Ơƻ8Ó>6 Na ƒƁ!Ŷ$70
3I&5:ĴÁ(. Na 9ªĂ8FIƇ¨8ŧĄ8F03 Na !ųŉŧ
Ą'JNa2CO3 769ŧĄƧė87H769¨Ƥļƨ8F03Ơƻ4ǅ
ĩ'J3IƓŀDðGJIŤ 4 Ĳ4¬Ɛ'J.F8ŧĄ8F03 T
rona(Na2CO3•NaHCO3•2H2O)1769ŧĄƧė9ŃŁƓŀ!H@.23Na 3
QMAS NMR 9Ü  GŧĄ8FI Na Łƨ9Ʈ!¬Ɛ'J.&5!»Ö(3
I5ǃő'JI@.6.2.1.2.1 9 XRD Ü 5ƚ­(3AI5Na 9ƒƁƨƣ
 G Muscovite E Albite F; Anorthite-sodian 9Ǒ!Ơƻ8Ó 1-1 FH 1-2 E 1-
3 4ò$703I&55ū(3I  
 
6.2.3   
 Żǆæĵ Gúě(.ZO[~oz9 XRD F; EPMA 8FIƒƁ9¹ŚÜ 
Ť 3 Ĳ4¬Ɛ'J.F8ưĠÿ59Ɩ8F03 C-S-H ÙƧė9ŃŁ¨8A
lF; Na!»Ǆ(3I&5!¬Ɛ'JI@.Ơƻ G9ËǍ8FIƧė9
ǑEEPMA  G9ƒƁ9Ü  G Na Łƨ9ªĂ8FIƇ!ǃő'JI@.
ªĂ8FIƇ¨8Ơƻ4ŃŁ'JI Na »Ö9ŧĄƧė!769¨Ƥļ
ƨ8F03ǅĩ'J3IƓŀMðGJIưĠ(.Ơƻ49OzUyŁƨ9
ƇF;ǅĩ813D05ĳ(ÞƆ!ƞǇ5ðGJ3HĒ9 6.3 4©
[~ozMǆ.ŧĄ8FI Na 9ǅĩF;Ʈ813ĘáF;ðāMñ
  
 
Fig6.4 Concentration of each substance from the surface 
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6.3  Nb"ZhD	
  
6.3.1 B3'i  
6.3.1.1 @3S  
YQĄÙƠƻ¼ĸÿMŻǆ(.ĵó9ŧĄ8FI Na Łƨ9ŧĄF;Ƨ
ė9ǅĩM¬Ɛ)I.C8Ť 3 Ĳ9_u~ep^e5YQĄgeyRtMƖ
'+. CP_series9[~ozF;Ť 4Ĳ4řĻŧĄ'+. CP_series_carbonation
Mǆ3ŧĄ8FI¨Ƥļƨ G9 Na 9ǅĩM¹ā)I  
 
6.3.1.2 hDB3ef  
ļƨ8FI Na QT~9ǅĩ:Ďǐ 0.3000.001g M 209ļ 

8 ƪ¿4 ƨºǜǛ'+.ǜǛ'+.ǅMnmg4 ¦ÆK¢(
u~n{~mPz`4 ¦ÆK¢'+.ç9¶Ï4  đºŅŪ(.
ǅM[~oz5(3 	 9ƒƁMŚŷ(.K¢'+.Ʃƶ[~oz:-9@
@ĺÕd]Y`8ƯŜ(23Na 3QMAS NMR 9ŚŷMñ70.
 
6.3.1.3 RVef  
6.3.1.4 Na ]YRV  
 6.3.1.2 4Ɗ.ǅM Horiba ę9Z~kWegeyRtQT~u`Mǆ3 Na
+9ƒƁŚŷMñ70.ƟĪ5(3 2000ppm 9 Na+ƟĪMǉǆ(.  
 
6.3.1.5 23Na 3QMAS NMR RV  
23Na NMR 9ĳû7lWM¬Ɛ)I.C8 2 ĒâŚŷvfMǆ3ŚŷMñ
70.323Na 3QMAS NMR 9Śŷ8: JEOL 9 ECA-500(11.75T)MĆǆ(¹Ś
ğƔĽ 132.3MHz 4ñ0.4mm9čǐ·Mǆ three pulse sequence Z-filter
Śŷ4  Z-filter Delay 200spulse delay 0.1s 4ñ3QMAS NMR ^pWe
zMƊ.@.)=39 NMR d`: JEOL ń9 Delta Software MĆǆ(3 Lor
entz »Ľ G deconvolution F;lWƻŇ9ŇăMñ0.  
 
6.3.2 B30&  
6.3.2.1 (! hDB3 Na+]Y  
Table6.1 F; Fig6.5 8©[~oz GƊ.ǅ49 Na+9ƒƁMĔ)@*
Table6.1 4 0w 5(3Ĕ(.ŧĄ'+37 CP_series 9Ü 4: CP_2.0 4: 33
0ppmCP_1.5 F; CP_1.0 4: 450ppm440ppm MæJ3IƏJ.ưĠÿ9
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ƒƁ! CP_1.5 E CP_1.0 9Ʊ!ò&5 Gǅĩ'JIǑDŞ$7I&5!ǃő
'JIřĻŧĄ'+. CP_series_carbonation49ǅĩǑ813NaŁƨ!ų
ŉŧĄ'J3 Na2CO3 769ŧĄƧė87I5ŷ)I5ļ59Ɩ8F0
3ǅĩ'JI Na+9ƒƁ!řĻŧĄ ¾º!Ų$7I>6ŗI&5!ǃő'J.
!Ęá9Ü ŧĄ¾º!Ų$7I>6Ŏ[~oz4-9ǅĩǑ!ä03
I&5!¬Ɛ'JIä03IǅĩǑ813:ƏJ.ưĠÿ9ƒƁ!ò>
6Ş$703I!Ŏ[~oz4ŧĄō9ǅĩǑ8ƚ=3 40%8ä03
Iä03I Na+9ǅĩǑ813Ť 3 Ĳ4¬Ɛ'J.F8ưĠÿ9Ñ4
Ĉƻş5(3 C-S-H 8Ūµ'J3I Al 5Ť 4 ĲF;Ť 5 Ĳ4ÃǙ(.ŧĄ
8F03 C-S-H 49 Ca2+!7$70. Ca-modified SiO2 8½23ð3AI
5pH 9Ŷ55D8ŧĄ8F03 Ca !ä0. Ca-modified SiO28Ĉƻş87
Table6.1 Concentration of Na+ (ppm) 
          carbonation period 
samples 
0w 1w 2w 4w 
CP_2.0_carbonation 330 110 110 90 
CP_1.5_carbonation 450 160 130 120 
CP_1.0_carbonation 440 210 180 180 
Pre_1.0_carbonation - 160 - 180 
 
 
Fig6.5 Concentration of Na+ 
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03. Al3+F;ưĠÿ9 Na+!Üó'JC-(N, A)-S-H E N-A-S-H 769ïŘ
87H4, 5&9ïŘ:ŧĄ¾º!Ų$7I>6Üó'JI Na+9Ǒ:ŗ3ļ
59Ɩ8F03ǅĩ'JI Na+!ä03IƓŀ!ðGJI'G8Pre_
1.0_carbonation 4ǅĩ'JI Na+9Ǒ! Pre_1.0_1w 4 160ppm F; Pre_1.0_4w 4
180ppm 87I&5D)48ŧĄ'J3ĕǁ870. SiO2 8 Al3+E Na+!Üó
(3 C-(N, A)-S-H E N-A-S-H 768703IƓŀ!ðGJI&9ŷ8
½23Ē9 6.3.2.2 9 23Na 3QMAS NMR 9Ü  GŧĄǀƸ8FI Na+9ǅ
ĩ813ĳ($ÞƆMñ  
 
6.3.2.2 23Na 3QMAS NMR  Na d%*\  
Table6.2 F; Fig6.6 8K¢'+. CP_1.0_carbonation 9Ʃƶ[~oz9 23Na 3
QMAS NMR Ü MĔ)&&4ǅĩ8FIƮM¬Ɛ)I.C8Ť 4 Ĳ4ŋƹ
(. Na Mǅĩ'+Iō9Ü D¼@+3Ĕ(.  
@*řĻŧĄ'+37 CP_1.0 4:Na ƒƁ G¬Ɛ'J.F8>5N
69 Na !ǅĩ'J3lW9Ð'!>?7$7I&5!¬Ɛ'J3HSite
(ǟ)F; Site(Ǡ)4Þĩ'J.lW!7$7HSite(Ǣ)9Ó5&K4İ(Þ
ĩ'J3IĢºŧĄ'+. CP_1.0_1w9Ü 4:CP_1.0_0wFHÞĩ'
JI Na9Ǒ!Ş$703I@.lW5(3ǅĩ'+Iō9 Site(ǟ):7$
7I!Site(ǡ)Site(Ǣ)F; Site(ǣ):-9Ǒ:ä03I!lW5(3Þ  
Table6.2 23Na 3QMAS chemical shift (CP_1.0_carbonation with Rinse) 
 Site() Site() Site() Site(	) Site(
) 
 δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
CP_1.0 4.9 8.7 -3.0 6.5       
CP_1.0_1w 4.6 8.4 - - 0.3 3.97 -4.4 3.23 -4.9 -0.76 
CP_1.0_4w 4.7 8.4 - - -0.6 3.43 -4.53 2.64 -5.34 -1.24 
 
 Site() Site(	) Site(
) 
 δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
δMAS 
(ppm) 
δiso 
(ppm) 
CP_1.0_0w_Rinse - - -6.4 2.1 - - 
CP_1.0_1w_Rinse 0.08 3.7 -4.9 1.6 -5.8 -1.3 
CP_1.0_4w_Rinse 0.04 3.7 -4.8 1.5 -6.4 -0.6 
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Fig6.6 23Na 3QMAS chemical shift (red line; CP1.0_carbonation_Rinse) 
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ĩ'J3I&5!¬Ɛ'JI&9×êŀ:Ģº@4řĻŧĄ'+. CP_1.
0_4w 9Ü 4D¬Ɛ'J3I&9Ü  GŧĄ8F03ǅĩ(8$$7
I Site(ǡ)Site(Ǣ)F; Site(ǣ)4Þĩ'JI Na 9lW!ŧĄ8F03 C
a2+!ǅĩ'J. Ca-modified SiO2! Na+F; Al3+5Üó((C, N)-A-S-H E N-A
-S-H 9ïŘ8æJ3H23Na 3QMAS NMR 4Þĩ'J3IƓŀ!ðGJ
ICP_1.0_Rinse 9Ü 4 Site(Ǣ)8ÓlW!İ(ą03I&5DřĻŧ
Ą'+.&54:7!čáş!İ(ŧĄ'J3IƓŀ!I  
Ü  Gð3AI5ǅĩĘá8F03´Ŏ8Ƹ$703I Site(ǟ):Na
!ųŉŧĄ'+. Na2CO3769Ɠŀ!IŤ 4Ĳ9 Fig4.16M¬Ɛ(3AI
5ŧĄ9Ļñ8F03 Site(ǟ)lW!İ(*1Ð$7I&5D Na!İ(ŧĄ
'J3I&5 GÂ(3I5ǃő'JI!ǅĩǅ9 Na+ƒƁ Gð3
AI5-9Ǒ:@HŞ$75ðGJI'G8CP_1.0 4>5N69ǑM
Ơ(3HǅĩĘáF;ŧĄ8F03Ƹ$703I Site(Ǡ)813:
Ť 3 Ĳ4ŋƹ(.C-S-H 49 Al3+9Ūµ8FIſ¡jx~^Đ9.CÆŬ'J
3I Na F; C-S-H 9 interlayer 95&K8Ŝþ(3I Na+9Ɠŀ!ðG
JISite(Ǡ)!7$7IÜ  Gð3AI5Site(Ǡ)9 Na :ļ8F03¸
Ŧ8ǅĩ'J3H'G8ŧĄ'JI5 Ca2+!7$70.5&K8Üó'J
Site(ǡ)Site(Ǣ)F; Site(ǣ)9lW5(3Þĩ'JI&5!ðGJISite
(ǡ)Site(Ǣ)F; Site(ǣ)9ïŘ813:Fig6.768Ĕ(.F8 N-A-S-H 9
ïŘ5(3Üó'J3I©ĵĬ!ǃő'JII.G. Lodeiro49óŁ N-A-S-H 9 23
Na NMR9 chemical shiftFH:İ(ò ppmMĔ(3I!Ca!@/Üó(3
HNa-O 9ãĊºËǍ!7I&5!ǃő'JI  
 
Fig6.7 N-A-S-H gel structure (left) and schematic model of N-A-S-H6(right) 
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6.3.3   
YQĄÙƠƻ¼ĸÿMŻǆ(.ĵó9 Na 9ǅĩĘá G Na ƒƁMŚŷ(.
Ü ŧĄ'+.[~oz!ļ8FI Na ǅĩǑ!İ7&5!¬Ɛ'J.@
.23Na 3QMAS NMRMǆ.©[~oz9ŧĄF;ǅĩ9ǀƸ8FI Na9
ïŘM¬Ɛ(.Ü ŧĄ'J37[~oz:>5N69 Na !7$703
IƱŧĄ'J.[~oz:ǅĩç8DĐ'JIlW!¬Ɛ'JI&
9lW813:Ť 4 ĲF;Ť 5 Ĳ4ŷ(. C-S-H 9ŧĄ8F03 Ca2
+! $70. Ca-modified SiO2 8 Na+!Üó'JNa 9ïŘ!ƮL03$&5
!ðGJI  
 
6.4 KH-)=.LaA"ZW6M*\  
6.4.1 B3'i  
ƵßÉ4:©Ơƻ¼ĸÿ9ƀƣ8FIŧĄŸîŀ813ļķ¿ªĂÖĽ9
Śŷ GƧėƇŸîŀMÞƆ)I¼ļǎ9ÚđƮF;ļķ¿ªĂÖĽ8F
HZ~Wyeƍ¨8%IļƨƇMŷǑ4"I G&&4:ŀƓơ9
ċƟ5(3¼ļǎ9ÚđƮF;ļķ¿ªĂÖĽMǆIļƨ:ǖMǂƕ
)IŢƠź7Ċ4HưĠ8FI-9ŝ9ǖĊ G9jyOŀ9CE)5
D7I5ðIƀƣƻ GļƨMķƕ'+čáş9ħǑƮ G¼ļǎ9Úđ
ƮF;ļķ¿ªĂÖĽMÈCI  
 
6.4.1.1 @3S  
Ęá8: Fig6.89F7q}Qe_u~eMǆ.o{ečáşMǉǆ)I
ǗHö,ç24 đº 2083ƥǝǈŃ(ťØç 6083 7 ƎºļŭǈŃ(.
-9çO_e~8 1 Ǝºĸŵç1 Ǝº 2083ĺÕd]Y`4ŜŪ(.'
G8  7 Ǝº 409ĺÕd]Y`8ŜŪ(.ç¼ĸÿMƀƣ(.7  
 
 
Fig6.8 Plate sample 
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6.4.1.2 ,I:X_efQJU>%G1  
Ęá8ǆGJ.Ơƻ¼ĸÿM Table6.38Ĕ)&&4ļĄUz]RtZ|
Qfǅ:żý5(3Uz]RtÙÿǐMǆIĵó9ÑM¬Ɛ)I.C8Ż
ǆ(.@.OzUyŁƨ9ǀƸ8FIƚ­9.CYQĄgeyRt¨8c
exSazTze]yYe(Tetraethyl orthosilicateTEOS)M¼ĸÿ5(3
²ǆ)I8©ƀƣÿǐ8FI[~ozM Table6.4 8Ĕ)©Ơƻ¼ĸÿ8FIŧ
ĄÊƇ<9ÑM¹Ś)I.C8ƀƣ(.ç9čáşMřĻŧĄŔŪMǆ
3ŧĄMñ0.ŧĄřĻ: CO2 ƒƁ 3RH60209ĶÝ4©[~o
zM 11 ĢºřĻ'+.  
 
6.4.1.3 bOef  
6.4.1.3.1 Kb#=@3  
čáşMƀƣƻ9ǌƻFHħǑ!ŷ)I@4Ĥƨ¼ļ'+.çƀƣƻ¨9
ƻMOzsco4Ʀƀƣƻ G9AļƨMĂ'+IF8(.³Œ: 2
0RH60%83 14Ǝºñ-9º³Œ 1Ǝƽ3Ǝƽ7ƎƽF; 14Ǝƽ8
ħǑMŚŷ(.  
6.4.1.3.2 )=.L[Def  
ļķ¿ªĂÖĽ9Ɖĩ:ġžG98ĥ³ŒƎĽčáşé'F;¼ļǎ 
Table6.3 Material 
Colloidal Ca(OH)2 (col) 50g/L, Solvent: ethanol 
Tetraethyl orthosilicate (TEOS) 100% 
Sodium silicate (SS) 23% 
 
Table6.4 Type of samples 
 Step1 
 
  
Step2 
None_col 
Colloidal Ca(OH)2 
- 
Water_col Water 
TEOS_col Tetraethyl orthosilicate 
SS_col Sodium silicate 
None_n 
- 
- 
Water_n Water 
TEOS_n Tetraethyl orthosilicate 
SS_n Sodium silicate 
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GÈC.@*³Œ i Ǝƽ8%I¼ļǎ R(i)MĖ(6.1) Găĩ(.  
 ! " = 1 − &'&(  (6.1) 
t 	&'	: 2Y"P\%iMWk(g)	*( − *'	(1 ≤ " ≤14)&(: >diM
Wk(g) 	*, −*-*': i Pm2Y&Jjk(g)*,: 3 Pm 20?W
Jjk(g)*-: BGJ40]`,)(1*#=$:Qb2jk(g)
%  
Vt.	(01)'gs4;t"	(.34)'2YPNt5 = ./2 "%CN'F
8& 1 V7qcIKMO^H'-/+.0CL%p5[%CN
%gs4;.f4_8'2Yerr_9oFEs
aU'!5!n6'H(6.2)<Rch3%  
 ! 5 = 	1 + ; − 35 + < =  (6.2) 
 ab " f DN%  
SJH(6.3)e&% 1 V7qcIKMO^HH(6.2)#KM6N D
?WZ R n6'X   
 >(!) = 	2(.5.!) 5 ∙ .!@A   (6.3) 
 
6.4.2 B30&  
Table6.58©[~oz9¼ļǎ R! 50%870.đ9ªĂÖĽ DMFig6.98:
©[~oz9³ŒƎĽ5¼ļǎ9»ÖMĔ)Table6.5 8Ĕ(.ªĂÖĽ:Ƹƀ
ƣ9[~ozMŧĄ'+. None_n_carbonation 9ªĂÖĽũM½Ī5(3Ơ(3
IƧėƇŸîŀ!òđļƨĂǑ!İ7$7H¼ļǎ9ƮF;ª
ĂÖĽ!İ7$7I  
@*ƀƣųç9Ü MàI5TEOS_series 9ĵó: Ca(OH)2 Z|Qfǅ9
ǀƸ8»LG*Ƹƀƣ9 None_seriesEļ5ƀƣ(. Water_seriesFHªĂÖĽ!
Ŷ$703HƠƻ9ǞƷ!¬Ɛ'JƧėƇŸîŀ!êĴ)I&5!ð
GJI( (SS_series 9ĵó: Ca(OH)2 Z|QfǅMŻǆ(. SS_col 4:
None_col E Water_col FHŶÜ !¬Ɛ'JI!SS_n 4:None_n FH:Ŷ
$7I! Water_n FH:ò$703HǞƷè 813ƿŀ!àĩ+7
Ť 6Ĳ YQĄÙƠƻ¼ĸÿMČì(.Z~WyeïŘƧ9ƠƻƤ8»)Iðā 
 
 186 
&9&5 GYQĄÙƠƻ¼ĸÿMŻǆ)Iü8:Uz]RtÙ9żý9ǀƸ
8F03ưĠè 8Š)IÑ!IƓŀ!ðGJI@.Ơƻ¼ĸÿMǆ
. TEOS_seriesF; SS_series4:Ca(OH)2Z|QfǅMŻǆ(.Ʊ! TEO
S_col9 1.08F; SS_col9 1.364TEOS_n9 2.13F; SS_n9 2.74FHİ7
$7HǞƷè !ò&5!¬Ɛ'JI-9ƱƸƀƣ9 None_series Eļ
5ƀƣ(. Water_series 4: Ca(OH)2 Z|Qfǅ8FIè !7$B(K$
7I&5 G Ca(OH)2Z|QfǅMŦƌ4ǆ.ĵó9è :7&5!ǃő'
JI  
Ē8ŧĄ'+.ç9Ü 4:ŧĄ G9ǞƷF; 11 Ģº9řĻŧ
Table6.5 Diffusion coefficient at water content 50% (Control: None_n_carbonation) 
D (cm2/day) None_col Water_col TEOS_col SS_col None_n Water_n TEOS_n SS_n 
After repair 5.27 3.49 1.08 1.36 4.02 2.37 2.13 2.74 
After carbonation 1.02 1.13 0.51 1.21 1.00 1.16 0.81 0.93 
 
 
Fig6.9 Relationship between Dry days and Percentage of water content 
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Ą¾º8FIļǚƖ9Ļñ8F03ŎƗź8ŧĄōFHªĂÖĽ!Ŷ$70
3I!ƀƣųç9Ü 5:7I×êŀ!¬Ɛ'JI@*Ca(OH)2 Z|Q
fǅMŻǆ(.ĵó9ªĂÖĽ:TEOS_col_carbonation : 0.51 5(3 None_co
l_carbonation 9 1.02 E Water_col_carbonation 9 1.13 FHŶ$703I!SS_col
_carbonation 9ũ:ŧĄō5ƚ=3>5N6ƮLG7 1.21 9Ü 4ƸƀƣEļ
ƀƣFHƧėƇŸîŀ!$7I&5!¬Ɛ'JI( (Ca(OH)2 Z|Qf
ǅMŻǆ(37ĵó8:TEOS_n_carbonation ! 0.81SS_n_carbonation !  
0.93 4None_n_carbonation 9 1.00 F; Water_n_carbonation 9 1.16 FHŶÜ
 !æJ3I&9Ü  Gð3àI5YQĄgeyRt5 Ca(OH)2Z|Q
fǅMĭ8Żǆ(.ĵó:ƀƣųç8:è !I!ŧĄ8F03-9è
 !7$7HB(KƸƀƣFHƧė9ƇŸîŀ!$7I&5!ǃő'JI
&9Ü 813Ť 4 Ĳ4ðā(.F8C-S-H 8ÆŬ)IOzUyŁƨ9
Ñ4C-S-H ÙļǚƧ9ŧĄ!FHřĻ'JI5ð3AI5Ca(OH)2 Z|Q
fǅ8F03ƠƻƤ9 Ca2+!ŗYQĄgeyRt59Ɩŀ!ò$7HŃ
Ł'JI C-S-H ÙļǚƧ9Ǒ!Ş$7IC-S-H 9ŃŁ8F03Ɩųç8:Ǟ
Ʒ8FIưĠè !ò$7I!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Fig7.1 Schematic representation of repair reaction and carbonation at new concrete 
surface 
 
ē 7ê  ž 
 199 
  
 
Fig7.1 Schematic representation of repair reaction and carbonation at new concrete 
surface (continued) 
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Fig7.2 Schematic representation of repair reaction and carbonation at existing 
concrete surface 
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Fig7.2 Schematic representation of repair reaction and carbonation at existing 
concrete surface (continued) 
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